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back in action Furoxone 


brand of furazolidone 
stops bacterial diarrheas without eradicating the normal intestinal flora 
At a large teaching hospital, a double-blind study with FUROXONE LIQUID in 65 chil- 
dren “demonstrated both symptomatic and bacteriological effectiveness of this drug in 
the outpatient management of bacterial diarrhea” without eradication of the normal 
intestinal flora. This “highly desirable quality”- the preservation of normal intestinal 
flora in children—is held “in contrast to experience with other .. . agents used for this 
purpose.” Overgrowth of nonsusceptible organisms “resulting in colitis, proctitis and 
anal pruritus usually associated with bowel sterilization have not been observed” with 
FUROXONE. “Side effects were negligible and acceptability of the preparation was ex- 
cellent.” [Mintz, A. A.: Antibiotic Med. 7:481, 1960.] Furoxone Liquid is a pleasant 
orange-mint flavored suspension containing Furoxone 50 mg. per 15 cc., with kaolin 
and pectin. Dosage for both children and adults may be found in your P.D.R. Ce) 


EATON LABORATORIES, Division of The Norwich Pharmacal Company, NORWICH, N. Y. 
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Pyrex Achievement Award 


for outstanding sales of 


PYREX LABORATORY GLASSWARE 


As in the three former years since establishment of the award by the Corning 
Glass Works, we are again recipients of the Steuben crystal trophy for out- 
standing sales of Pyrex laboratory ware. 

We regularly list and stock more than 1,500,000 pieces of Pyrex ware— 
not including Tubing or Rod—and are therefore prepared to make immediate 
shipment of orders for either large quantities or varied assortments. 

See our new 1961 catalog for current listings of the widest assortment of Pyrex 
laboratory glassware available from any single source. 


ARTHUR H. THOMAS COMPANY 


More and more laboratories rely on aw Laboratory Apparatus and Reagents 





VINE ST. AT 3RD ¢ PHILADELPHIA 5, PA. 
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Two Important Factors to Consider 


When Ordering Research Biochemicals 


Of course quality of product is still the prime factor. 
And N.B.Co. is world famous for its complete stocks 
of the finest quality and purest biochemicals. But 
time and money are very important, too. Being able 
to deliver your biochemicals almost instantly and at 
economical prices have made N.B.Co. the world’s 


number one Research Biochemicals House. Our 


Nutritional 
Biochemicals 
Corporation 


21010 MILES AVENUE, CLEVELAND 28, OHIO 


stocks include over 300 Amino Acids ¢ over 90 Pep- 
tides * over 200 Nucleoproteins, Purines, Pyrimi- 
dines ¢ Miscellaneous Biochemicals * Vitamins ¢ 
Enzymes-Crystalline, Purified * Growth Factors ¢ 
Steroid Hormones ¢ Biological Salt Mixtures and 
Test Materials * Carbohydrates ¢ Purified Proteins 
¢ Fatty Acids ¢ Antibiotics « Alkaloids * Glandular 


Substances. 


Send for our free June, 1961 
Catalog containing more than 2600 
items. Fill Out coupon and mail to- 
day for your copy. 
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markers for biologic channels 


OVER 100 LABELED BIOCHEMICALS AVAILABLE FROM SCHWARZ. If you are charting metabolic 
passages, investigating enzyme mechanisms, or exploring many other areas of biology and bio- 
chemistry, SCHWARZ isotopically-labeled biochemicals are useful markers. We have attached 
C'4, H3, P22, and S35 to a long list of purine and pyrimidine compounds, sugars and sugar phos- 
phates, amino acids, metabolic cofactors and other compounds of biologic importance. Many are 
supplied exclusively by SCHWARZ. 

Important radiochemicals are constantly being added. Latest additions include Tritiated t-Tyrosine 
(*HTYL), Tritiated Deoxycytidine (*HDCY), C'4-Fructose 1,6-Diphosphate, Barium (*CFDB) and 
C'4-p-Fructose (*CFR). *HTYL is the second optically pure tritiated t-amino acid to be produced 
at SCHWARZ (Tritiated t-Histidine was first, in 1960). We are the only commercial producer of 
these two products. 


Also available is a wide range of N'5-labeled compounds. And, through an arrangement with the 
Yeda Company at the Weizmann Institute, a number of 0'*-amino acid derivatives can be prepared 
on special order. For a complete price list that includes our labeled compounds and a long list 
of unlabeled biochemicals, write to Dept. 7F. 


’ ia ay 
<§ a SCHWARZ BIORESEARCH, INC. - Dept. 7F + Mount Vernon, New York 
BIOCHEMICALS * RADIOCHEMICALS « PHARMACEUTICALS for research, for medicine, for industry 
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INSPISSATION 
PASTEURIZATION 
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PRESSURE STEAM STERILIZATION 





wih AMERICAN 

Square Cabinet 
LABORATORY Sterilizers 
featuring \sothermal Control 


@ The diverse sterilization needs of the modern 
technical laboratory are fully and economically met 
by the versatility of American Sterilizer Pressure 
Steam Laboratory Sterilizers. 


Accurate, low-temperature processing of heat- 
sensitive or heat-coagulable media and fluids is 
readily performed by Amsco’s exclusive Isothermal 
Control which maintains pre-selected chamber 
temperatures well within the critical tolerance. 


The fully automatic Cyclomatic Control assures 
positive standardization of techniques with a 
minimum of time and attention from the operator. 


Up to 100% greater usable capacity is provided 
by the square chamber which permits more efficient 
loading. Installation and maintenance are simpler 
and less costly because of the stainless steel cabinet. 


For steam or electric heat. Chamber sizes 
16’’x 16”’x 24” or 20’’x 20’’x 36”. 





FREE 


Write for Amsco’s new 


AMERICAN 
16-page brochure SC-318R 
STERILIZER illustrating a complete variety 
of standard and special purpose 


ERIE* PENNSYLVANIA 





sterilizers for pressure steam 


World's largest designer and or ethylene oxide gas. 


manufacturer of Hospital and 
Laboratory Sterilizers, Surgical 
Tables, Lights and Biological 
Research Equipment 
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... AND 
A 
PINCH 
OF 
METHYL IODIDE 


If following a ‘‘recipe’”’ was the only talent needed 
to create good radiochemicals, almost anyone could 
prepare them. But it takes much, much more. 


Tracerlab was the first company to undertake the 
synthesis of radiochemicals for research use. That 
means a head start on everyone else in radio- 
chemical research, control, purity, packaging, stor- 
ing and stocking. Our advanced methods of manu- 
facture and control insure radiochemicals of abso- 
lute uniformity and purity. More important is the 
personalized service we offer. Many of you have been 


Ci4 


» 
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visited by a Tracerlab radiochemist interested in 
your problems; others have called our labs to talk 
personally with the chemists involved in preparing 
your compound. Your requests to Tracerlab receive 
the special attention of qualified interested people. 


For radiochemicals from stock (within 24 hours by 
air) or special compounds made to your specifica- 
tions, call Tracerlab, TWinbrook 4-6600, extension 
363. Your orders, large or small, will receive prompt, 
personal attention. Ask for the Tracerlab Radio- 
chemical Catalog today. 





Jracerlab 





TRACERLAB, INC., 1601 Trapelo Rd., Waltham 54, Massachusetts 


NEW! pine taseteo compounos: DDT-C“ DL-Tryptophan-C“ 








Instruments and Systems for Nuclear 
Research and Radiation Measurements 


HEALTH PHYSICS 


For many years, T/A has led 
in the development of per- 
sonnel monitors for the auto- 
matic detection and measure- 
ment of radiation contamin- 
ation. T/A portable survey 
meters are the most widely 
used radiation survey meters 
in the world. 








Yo. 
MODEL 7 
JUNO 


@ Juno Survey Meter 

® Cutie Pie Survey Meter 

® Beta-Gamma Hand 
and Shoe Monitors 

® Portal Monitor 

® Alpha Hand Monitors 

@ Laundry Monitor 





MODEL PPM-8 
PORTAL MONITOR 





MODEL HSM-10 
BETA-GAMMA 
HAND AND 
SHOE MONITOR 





MODEL CP-3 
CUTIE PIE 





LS-7 MULTI- 
—-° LEAD SHIELDS 
T/A specializes in the design and manufacture 
of lead shields and has developed over 30 commercial 
versions. Let us help you with your 


lead shield requirements ! 


®@ Vertical and Horizontal 
Lead Shields 
@ Multi-Purpose GM and 


i‘. | Scintillation-Type Shields 
f ®@ Well-Counting Lead Shields 


LS-6 VERTICAL 
LEAD SHIELD 


COUNTING & ANALYTICAL SYSTEMS 


MODEL GTS-6 SCALER 
shown with Model RHV-3 
5000 Volt Power Supply 


High speed decade scaler 
has pulse resolution better 
than 1 microsecond. Mod- 
el RHV-3 H.V. Supply is 
used for Geiger and pro- 
portional counting. 





SPECTROMETRY SYSTEMS 


The T/A Gamma Ray Spectrometry 
Systems feature gated beam circuits 
for exceptional stability, and offer 
all possible combinations of analy- 
tical, counting, and recording com- 
ponents to give the nuclear scientist 
optimum flexibility and versatility 
(Polaris System illus.) 







LOW LEVEL BETA SYSTEM 


Combines lead, steel, and mer- 
cury shielding and Amperex® 
Cosmic Ray Guard Tube to re- 
duce background to less than 
1 count per minute. Includes 
T/A‘s specially designed anti- 
coincidence scaler. 


SCINTILLATION DETECTORS 


T/A offers an extremely versatile line of 
scintillation detectors and accessories for 
research, medical, and industrial application. 


®@ Standard and Premium MODEL 
Resolution Type Detectors $D-2 x 

@ Solid and Well-Type Crystals 

®@ Proportional and Cathode- 
Follower Preamplifiers 

@ Nose Shields and Collimators 





CUSTOM SHIELDS 


In addition to the 

LS-5 above types, T/A is 
HORIZONTAL prepared to supply 
side aperture tubular 
shields, end-opening 
shields, directional 
lead-shielded probes, 
and many other types. 


; LS-8 WELL-TYPE 
LEAD SHIELD 





Your inquiries are 
invited. 


Write for new 1961 catalog 





Now! Automation for 
the Nuclear Laboratory’ 


NEW T/A AUTOMATIC 
SAMPLE CHANGER 


@ Counts 200 Samples! 
@ Provides full information 
on EVERY SAMPLE! 


MODEL ASC-3 
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... yet these new KIMAX pipets cost no more 


Now, from Kimble, a new standard for 
the industry . . . CoLor-Copep SEro- 
LOGICAL Pipets! 


Each size now coded with 
its own distinct color band 








* Tmmediate size identification 
* Reduced sorting time after washing 


* No chance of error in size selection in 
laboratory or stockroom 


KIMBLE LABORATORY GLASSWARE 
AN () PRODUCT 


Each size of KIMAX serological pipets (#37034 and #37034-A for 





cotton plugging) is coded with its own identifying color band. 


COLOR-CODED for foolproof size identification 


* Color bands last as long as the pipet 
New carton design offers... 





* Easier opening . . . instantly dis- 
charges entire contents 

* Pipets ready for instant use . . . no in- 
dividual wrappers 

* Space saving on shelves and in storage 

Want more information? Write Kimble 

Glass Company, Department CC-1 

( FP-7 ), Toledo 1, Ohio. 





All Kimble color-coded pipets are shipped 
in convenient, time-saving cartons. 


* ALL THESE NEW FEATURES AT NO EXTRA COST 


Owens-ILuINoIs 


GENERAL OFFICES - TOLEDO 1, OHIO 





VERSATILITY in... 


Physiological Measurerr 


myographs 
& 

* pneumographs 
pressure transducers 
a 

Preamplifiers 
cardiac 
high gain 
carrier 
D.C. 


e 
pulse pick-ups 
€ 
heart sound microphones 
* 
strain gauges 
@ 
Stimulators 
electrical 
photic 
tactile 
acoustic 
« 
electrosphygmograph 
oximeters 
€ 


drop counters 


DUAL-BEAM 
NEUROPHYSIOGRAPH 


Complete study units available 
for oscilloscopic investigation of 


bioelectric potentials. 
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tandardized interchangeable MODULES for 
recording a wide spectrum of physiological 
events 

Extreme ease and SIMPLICITY of operation 
RUGGED construction with RELIABLE 
components 

Each PLUG-IN UNIT may be removed with 
a simple half-turn of its locking handle 

A growing selection of INEXPENSIVE 
TRANSDUCERS 

A mobile cabinet with ample STORAGE for 
all transducers, preamplifiers, additional plug- 
in units, recording paper and other laboratory 
equipment 

Can be FLUSH-MOUNTED in existing 
laboratory furniture 
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Be PAPER CONTROL 


>» CUFF PUMP 


RESPIRATOR 


wee DEFIBRILLATOR 


E & M INSTRUMENT CO., INC. 


P. 0. Box 14013 * 6030 England * Houston 21, Texas * Ph: RI 7-7813 


Manufacturers of Medical Electronic Equipment 
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*" WORLD LEADER IN COENZYME-A AND S‘/-NUCLEOTIDES 











THIONICOTINAMIDE—*DPN and NICOTINAMIDE MONONUCLEOTIDE 


. .. have been added to the growing list of pyridine nucleotide coenzymes, coenzyme analogs and 
related compounds prepared by Pabst Laboratories. Interest in these continues to grow as new uses 
in enzyme differentiation and special analytical techniques are discovered. The following com- 
pounds are available for immediate shipment and others will be announced in the near future: 
3-ACETYLPYRIDINE — *DPN DIPHOSPHOPYRIDINE NUCLEOTIDE 
3-PYRIDINEALDEHYDE — *DPN : REDUCED DIPHOSPHOPYRIDINE 


THIONICOTINAMIDE — *DPN NUCLEOTIDE 
DEAMINO — *DPN TRIPHOSPHOPYRIDINE NUCLEOTIDE 


3-ACETYLPYRIDINE-DEAMINO — *DPN NICOTINAMIDE MONONUCLEOTIDE 
3-PYRIDINEALDEHYDE-DEAMINO — *DPN ADENOSINE DIPHOSPHORIBOSE 


For more information about the applications and properties of these biologically 
important coenzymes and derivatives write for PABST CIRCULAR OR-18. 








“PABST LABORATORIES*® 
Division of Pabst Brewing Company 


1037 W. McKinley Avenue 
MILWAUKEE 5S, WISCONSIN 
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the first portable, ‘‘desk-top 
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Model 500 
decimal printer 


— the TMC Model 404 


The new TMC Model 404 is the most portable pulse 
height analyzer you can own. Take it and use it anywhere. 
With its all-transistor, printed circuitry and 400-channel 
memory in a package just over a cubic foot, this analyzer 
is small enough to operate on your desk. All the instru- 
ments needed for an experiment can be carried easily by 
one person. 

The Model 404 has a magnetic core memory that can be 
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Model 404 
pulse height analyzer 


used in sub-groups of two or four; four separate inputs 
and associated amplifiers; internal pulse routing circuitry; 
pushbutton data transfer and display overlap; very low 
power requirements and many “‘system” advantages. And 
it can be used with the new solid state detectors. 

For readout, use its companion unit, the Model 500 
Decimal Printer; a high speed paper tape punch; strip 
chart or X-Y recorders; or an IBM electric typewriter. 
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Medotopes by Squibb —- 
Radioactive Pharmaceuticals for diagnosis and therapy 


| 
| MEDOTOPES 














Medotopes cover an extensive range of 
diagnostic and therapeutic procedures, 
each reflecting the latest developments in 
radioactive medicine. All Medotopes con- 
vey, as well, the utmost in safety and con- 
venience, All feature unique packaging 
safeguards: exclusive lead shield en- 
closures for easy opening — no direct 
contact is required; bottle caps unscrew 
automatically; shipping cartons have 
“pull-tab” openers; vials and bottles are 
carefully encased and then doubly pro- 
tected by transparent, shatterproof plastic 
coatings. Each preparation is custom- 
handled. Delivery is custom-routed by 
Squibb Traffic Service. Access to three 
major airports expedites this service. 


Diagnostic Medotopes, in addition to 
those illustrated, are: Chromitope Chlor- 
ide * Ferrutope * Phosphotope ¢ Rubra- 
tope 58 and 60 * Cobatope 58 and 60 
Tritiotope *° Therapeutic Medotopes are: 
Aureotope * Chromphosphotope ¢ Iodo- 
tope ¢ Iriditope * Phosphotope. 


For full information, communicate with 
E. R. Squibb & Sons, Professional Service 


Department, 745 Fifth Avenue, New York 
22, New York. 


Medotopes 


SQUIBB 
Squibb Quality 
—the Priceless Ingredient 





“acaumorore®, “‘aurcorore’®, ‘cuococrarin’®, ‘curomitore’®, 
‘curompnospHorore’®, ‘COBATOPE 58 AND 60’®, ‘rerrutope’®, 
‘nipputore’, “1ovotore’®, ‘inioitope®, ‘meoorores’®, ‘oceotore’®, 
‘puospHorore’®, ‘ropencatore’®, ‘nusratore’®, ‘tritiotope:®, 


AND “rrioceotore: ® ARE SQUIBB TRADEMARKS. 
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quick, complete, and easy.7:do away with time-consuming and fatiguing hand mixing...eliminate possible contami- 
nation from finger-capping or stirring rods. You can mix liquids of different densities ... prepare liquid emulsions... 
dissolve solids of low solubility efficiently and conveniently with an Adams Cyclo-Mixer. 

Single-Unit Cyclo-Mixer with Foot Switch: When used with the unique Clay-Adams Foot Switch, both hands are 
left free for holding tubes or flasks. The compact, easily portable Single-Unit Cyclo-Mixer mixes solutions, dissolves 
most solids in only seconds. It accommodates containers of various shapes and sizes—from 0.25 microchemistry 
tubes to 40-mm. diameter tubes and flasks. 

For procedures requiring prolonged, controlled mixing in test tubes: Two-Unit or Four-Unit Cyclo-Mixers 
provide any desired degree of agitation—from gentle mixing to violent churning. 


They operate at 3 speeds with separate motor and speed control for each tube. Clay 
AIQINS 








Equipped with interchangeable cups, they can accommodate round-bottom tubes 
from 15 mm. to 25 mm. in diameter and up to 200 mm. in length. Tube clips and sup- 
port bars eliminate the need for constant monitoring. Ava//ab/le from your dealer. 


Quick 


wink % 


Cyclo-Mixer, Single Unit, with foot switch * Mixing time required 
----each $68.50 for one typical laboratory 

Cyclo-Mixer, Single Unit, without foot 

i A hei ar each $59.50 procedure reduced from 


20 minutes to 11 seconds! 











New York 10, N. Y. 
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Cyclo-Mixer, Four Unit ..... each $248.00 
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NEW 
} ' ENGLAND 
' NUCLEAR 


| 


FOR RADIOACTIVE CHEMICALS 








BECAUSE WE ARE SPECIALISTS IN 


PROMPT 
SHIPMENT 


If slow shipments of radiochemicals are 
causing undue delays in your work, consider 
the following. 
An analysis of actual NENC shipping in- 
voices for the entire year 1960 shows that: 
56% of all new orders for catalog com- 
pounds were custom packaged and shipped 
within 8 hours. 
75% were shipped within 48 hours. 
84% were shipped within one week. 


This outstanding record was possible because 
New England Nuclear maintains in stock the 
country’s largest and most complete selection 
of carbon-14 and tritium labeled compounds. 
Telephone orders receive particular attention. 
SERVICE AND PROMPT SHIPMENT ARE 


NEW ENGLAND NUCLEAR SPECIALTIES. 
CALL US COLLECT AND SEE, 


new england corp. 
pat ® 


575 ALBANY ST., BOSTON 16, MASS. LI 2-5964 
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(A New Periodical. 


The JOURNAL of SURGICAL RESEARCH 


Brings you, without delay, results of current surgical investi- 
gations. This new bimonthly publication (July issue just 
ready) presents first class investigative work illuminating 
the nature of surgical disease and/or suggesting new meth- 
ods for its study, recognition or management. Distinguished 
editorial direction insures the significance and worth of the 
published material. A few of the topics considered in the 
new, July, issue: Renal function during extracorporeal 
circulation; Studies in segmental replacement of the 
thoracic trachea; Studies on relationship of bacterial toxins 


Three New Editions 





and intravascular coagulation to pseudomembranous 
enterocolitis; Calcium deposits and new bone formation in 
muscle in rabbits; Electrical anesthesia—development of a 
method and laboratory observations; Demonstration of 
antral inhibitory hormone by cross-transfusion; An ab- 
dominal tourniquet for regional chemotherapy. The Journal 
of Surgical Research is published every other month in a 
format of 8” x 1034”. Itis approximately 64 pages and carries 


no advertising. Year’s subscription $10.00. 


Sodeman—PATHOLOGIC PHYSIOLOGY 


New (3rd) Edition! Explains the mechanisms of disease as 
physiological dysfunction. In an effective presentation that 
relates facts to thought and concept, this book describes 
the agents that bring disease, the causes of particular 
symptoms, the changes that take place in the body and 
the effects of one disordered system on another. New topics 
in this significantly revised edition include: genetics and 
its relationship to disease; water and electrolyte balance; 
protective mechanisms of the lungs; pathology of the gall- 
bladder and pancreas; diseases of the nervous system; 


Prosser & Brown—COMPARATIVE ANIMAL PHYSIOLOGY 


New (2nd) Edition! Presents a systematic organization and 
evaluation of comparative physiology, organized on a func- 
tional rather than on a phylogenetic basis. It offers a unified 
picture of comparative physiology emphasizing general 
principles. You’ll find a complete study of the interaction 
of environments and organisms, and comprehensive treat- 
ment of the effector and integrative systems. Evolutionary 
relationships of various kinds of animals are fully described, 
as well as the diverse ways in which they meet their func- 
tional and environmental! requirements. Contents includes 


pathology of the blood and liver. Written by clinicians, 
this widely-known book bridges the gap between pure 
physiology and clinical medicine, showing what happens 
to the functioning of the body in the presence of disease 
and why and how disease symptoms occur. It also describes 
the most logical basis for effective therapy. 


By 28 Collaborators. Edited by WILLIAM A. SODEMAN, M.D., 
Se.D., F.A.C.P., Dean and Professor of Medicine, Jefferson Medica! 
College. 1182 pages, with 194 illustrations. About $14.00 

New (8rd) Edition—Just Ready! 


chapters on nutrition; nitrogen excretion; respiratory func- 
tions of body fluids; mechanoreception, equilibrium recep- 
tion and phonoreception; chemoreception; photoreception; 
muscle and electric organs; amoeboid movement; bio- 
luminescence; chromatophores and color change; endocrine 
mechanisms; nervous systems. 


By C. LADD PROSSER, Professor of Physiology, University of 
Illinois; and FRANK A. BROWN, JR., Professor of Biology, North- 
western University. About 687 pages, 64°” x 10”, with 271 illustrations, 

New (2nd) Edition—Just Ready! 


MAYO CLINIC DIET MANUAL 


New (3rd) Edition! Outlines the requirements of therapeutic 
diets, reflecting the advances in food, vitamin and dietary 
practice that have been incorporated into Mayo Clinic 
procedure. When a patient needs a special diet, the stand- 
ard diet presented in this book can be adapted to his indi- 
vidual requirements. Coverage ranges from low sodium 
diets for patients with hepatic coma to gluten-restricted 
diets for those with nontropical sprue. You'll find dietary 
patterns with sample menus; lists of foods to be included 
and those to be excluded; three new tables showing fatty 


acid and cholesterol content of foods—foods high in potas- 
sium—lean meats, fish and fowl; new height-weight tables 
to conform with recently revised standards. Other new 
diets appearing in this New (3rd) Edition include: sodium 
restricted diet for children; diet high in poly-unsaturated 
and low in saturated fatty acids; 1500 calorie diet for 
pregnancy. 

By the COMMITTEE ON DIETETICS OF THE MAYOCLINIC. 


222 pages, 6” x 914”, spiral binding. About $5.50. 
New (8rd) Edition—Just Ready! 


W. B. SAUNDERS COMPANY ee hiledelphiin & i 











NEWYORK LONDON 


PERGAMON 


OXFORD —_—~PARIS 





NEW AND FORTHCOMING BOOKS 


PROBLEMS OF INFECTION, IMMUNITY 
AND ALLERGY IN ACUTE RADIATION 
DISEASES 


Edited by N. N. Klemparskaya, O. G. Alekseyeva, R. V. 

Petrov, V. F. Sosova 
The fields covered in this important monograph include 
natural and induced immunity after irradiation; allergic 
reactivities following exposure to radiation; changes in 
the normal microflora in an irradiated animal organism 
and micro-invasion of organs and tissues; and the course 
of infectious diseases in radiation sickness. $7.50 


REGIONAL NEUROCHEMISTRY 


The Regional Chemistry, Physiology and Pharmacology 
of the Nervous System 
Edited by Seymour S. Kety and Joel Elkes 


The formal proceedings of the Fourth International 
Neurochemical Symposium held in Varenna comprise 
the contents of this volume. This book will be an in- 
valuable addition to all workers in the field of neuro- 
chemistry. $12.00 


ADVANCES IN THYROID RESEARCH 


General Editor Rosalind Pitt-Rivers 


The Proceedings of the Fourth International Goitre Con- 
ference held in London which was attended by more than 
600 endocrinologists, clinicians, and biochemists from 
more than forty countries. The main papers were devoted 
to endemic goitre. Over 100 papers were read which 
surveyed its incidence in various parts of the world and 
its relation to the iodine deficiency in different areas. 
$20.00 


HAEMATIN ENZYMES 


A Symposium of the International Union of Biochem- 

istry organized by Australian Academy of Science 

by J. E. Falk, R. Lemberg and R. k. Morton 
HAEMATIN ENZYMES, is an invaluable record of up- 
to-date knowledge in a field of great biological impor- 
tance and chemical interest. Included are papers on the 
stability of oxyhaemoglobin, the early stage in the me- 
tabolism of iron, on catalase oxidation mechanisms, the 
isolation, purification and properties of haemin a, and 
kinetic studies on the action of lactate dehydrogenase. 

2 vols. each $14.00 


OXYTOCIN 
Edited by R. Caldeyro-Barcia and H. Heller 


A comprehensive account of the physiology of oxytocin 
with special reference to its importance in human labour. 
The recent advances covered include extra-uterine effects 
of oxytocin; its actions as analysed by electro- 
physiological methods; its effect on the pregnant and 
parturient human uterus and the effects of synthetic 
analogues of oxytocin on uterine function. $15.00 


International Series of Monographs on Pure and Applied 
Biology: Modern Trends in Physiological Sciences Divi- 
sion, Volume 11 


ONCOGENIC VIRUSES 


Ludwik Gross 
This monograph reviews the known oncogenic viruses, 
discusses the current status of experimental approach 
to virus-caused neoplasms, and lists the most important 
bibliographical references. $12.00 


Volume 12 


KERATIN AND KERATINIZATION 

E. H. Mercer 
KERATIN & KERATINIZATION gives an account of 
the biological function and properties of the keratinized 
tissues in terms of their molecular and macromolecular 
structure as revealed by recent electron microscopy and 
X-ray diffraction work. $12.00 


Volume 8 


THE PHYSIOLOGY OF NATURAL 

HIBERNATION 

Ch. Kayser 
A scholarly discussion of the subject of hibernation by a 
leading authority, Ch. Kayser, professor of physiology 
at the University of Strasbourg. $9.00 


Volume 10 


CORONARY VASODILATORS 


Dr. R. Charlier 
This volume assesses present knowledge of the pharma- 
cological effect of vasodilators, the mechanisms respon- 
sible for these effects and the therapeutic importance of 
classical treatments and also of recent treatments on 
which experimental and clinical investigation are still 
too few to allow of definite judgment. $8.50 


International Series of Monographs on Pure and Applied 
Biology: Zoology Division Volume 5 


THE BIOLOGY OF STENTOR 


A Study of Intracellular Organization 

Vance Tartar 
This outstanding volume summarizes and correlates all 
that is known about a certain group of unicellular organ- 
isms, ciliate protozoa of the genus Stentor. $12.00 


Volume 7 


THE CILIATED PROTOZOA 


Characterization, Classification and Guide to the Liter- 

ature 

John O. Corliss 
Undergraduates, graduates, teachers and professional 
protozoologists working in a variety of areas of research 
will find this book invaluable as the first modern revision ° 
of conventional, now out-of-date, schemes of ciliate 
classification. $12.00 








International Scientific Publisher 
PERGAMON PRESS, Inc. 122 East 55th Street, New York 22, N.Y. 
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Baird-Atomic pioneers LOW COST liquid scintillation 





The development, field test, and 
customer acceptance of a versatile ra- 
dioisotope manual liquid scintillation 
counting assembly has been completed. 
Here is a system for Carbon 14 and 
Tritium that incorporates simplicity 
and flexibility - that is in the price 


range of all laboratories. 


Among its field proven features: sim- 
plified circuitry which assures reliable 
operation, negligible field maintenance; 
the high voltage supply, scaler and 
timer are all standard B A instruments 
- they can be used with other systems 
and tailored to your special needs; spe- 


cially designed, dark preadaption sam- 





<—_______4 


ple holder accepts a variety of sample 


configurations and sizes; the system is 


compact and versatile. 


These - and other features of the 
Model 745 Liquid Scintillation unit - 
are available at the lowest cost you 
would expect to pay for reliable per- 


formance with liquid scintillation. You 


‘ owe it'to your budget to get more infor- 


mation —- write or call your nearest B’A 


representative today. 


Sales and service offices in: Cambridge, 
New York, Philadelphia, Pittsburgh, 
Cleveland, Washington, D.C., Atlanta, 
Dallas, Chicago, Los Angeles, San 


Francisco, Ottawa, Canada. 


FB) SAlLIRO-ATONC,/NC. 
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Technical simplicity in clinical analyses 
of blood pH. .. with greater ease of operability, 
efficiency, reproducibility and stability. The 
Beckman Model 76 Expanded Scale pH Meter, 
Thermomatic* Constant Temperature Block and 
Micro Blood pH Assembly are designed to work 
together as a complete system for precision pH 
measurements of blood and other body fluids. 
@ By setting the expanded scale on the Model 76 
from 6 to 8 pH (to bracket the normal blood 
region between 7.35 and 7.42) direct readings to 
0.003 pH are obtainable. The Thermomatic Block 
maintains the sample at body temperature dis- 
pensing with the need for temperature corrections. 
The Micro Assembly permits use of samples as 
small as 0.25 ml if desired. For complete details 
call your authorized Beckman Laboratory Appara- 
tus Dealer, or write direct for Data File 91-7-01. 


={-Yol aaak=lale |NSTRUMENTS, INC. 


SCIENTIFIC AND PROCESS 
INSTRUMENTS DIVISION 


Fullerton, California 
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How many microslides do you average a day? Fifty, maybe? 


A Lab-aid stack only 19” square and about five feet high 
would keep five years’ output right at your fingertips. 
That's because “Lab-aid” design gives you 45% more capacity, 


inch for inch, than conventional filing units. Think of it. . . 
a single unit section only five inches high, compact enough 
to fit handily on a desk top, will hold 6500 slides! 


And that’s not all . . . by interchanging different drawer sizes 
1”, 2”, and 4”, you can file Kodachromes, lantern slides, and 
index cards in the same cabinet. Other special-purpose 
cabinets (same basic dimensions so they all stack together) 

let you file fresh slides flat in spread-out trays, or file 

paraffin blocks in shallow drawers. 










The beauty of it all is that you get all these advantages 
at no greater filing cost-per-slide than ordinary cabinets. 


TECHNICON | “i 


Bulletin No. 141-56 tells the story. Let us send it to you. 


THE TECHNICON COMPANY, CHAUNCEY, N. Y. 
laboratory filing system 
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VIRTIS PHOTOCELL TACHOMETER 


a —_ to Measuring the R.P.M. 
of Objects Rotating at High Speeds 





@ Measures Speeds up to 50,000 r.p.m. 

@ No Mechanical Coupling Required 

e Nota Stroboscope — Speed Directly Meter Indicated 

e Attaches Directly to the VirTis “45” and “23” Homogenizers 


The VirTis Photocell Tachometer is particularly useful for precise studies with the VirTis ‘‘45” 
and “23” Homogenizers. The compact pick up head clamps directly onto the flask holding clamp on 
either model. For measuring the speed of other objects in the laboratory, the pick up head can be 
used as a portable r.p.m. monitor or can be clamped into any position with routine laboratory hold- 


ers and stands. 
“45" Homogenizer 


Now a standard in the laboratory, the VirTis ‘‘45” provides 
remarkable efficiency for difficult homogenizing problems. The 
top speed of 45,000 r.p.m. rapidly reduces samples to a fine 
particle size. Glass beads and a special chrome plated impeller 
are available for grinding bacteria. Volumes between 0.2 ml. 
and 400 ml. are all easily processed in the one instrument. 


“23" Homogenizer 


A budget priced version of the “45’’ Homogenizer, the “23” 
yields excellent results for most routine laboratory procedures. 
Top speed is 23,000 r.p.m. The VirTis ‘23’’ Homogenizer will 
process volumes between 0.2 ml. and 200 ml. 





THE VirTis COMPANY, INC. GARDINER, N.Y. 





SIGMAMOTOR 


The only pumps with 


+ INFINITELY VARIABLE (si; 
+K REPRODUCIBLE D 


































Sigmamotor Low Flow Infusion Pumps 
are available in 3 capacity ranges. The 
infinitely variable flow rates are con- 
trolled by a stepless speed adjustment. 
The vernier head is graduated and 
your successful treatments can be ac- 


curately reproduced or varied simply 





by recording the tubing size and ver- 





jenizers nier graduation. 
PRICES 
s 6645” 

n Clinical senile Wprootmotors. models with 
—_. pecs “roomase motors 
can be T-M12 2 to 150c. c. per hr. $550. $315. 
y hold- T-M11 10t03,600c.c.perhr. 450. 280. 

T-M10 60 to 15,000 c.c. per hr. 425. 240. 
With legs and casters $50 extra. 
Prices F.0.B. Middleport, N.Y. 
ovides Write for complete literature on this 
s. The equipment now serving in dozens of 
a fine hospitals. Complete equipment (pump- 
a oxygenator) available for tumor per- 
.4 Mi. i 
fusion. 
e “699” 
dures. 
er will 
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Eberbach 


SEMI-MICRO MONEL CONTAINER 


COOLING JACKET 


Monel cooling jacket saves samples affected by temperature 
rise due to cutting friction or laboratory temperature. It 
will maintain low or high temperature for improved cutting 
results. Monel jacket is 514” dia. by 4” high and tubulatures 
for circulating liquid are 114” long and 34” dia. Closures pro- 
vided for all openings insure that either ice or dry ice can be 
used efficiently as a cooling medium. Model 8590 Priced at 


$44.50. Write for Catalog 60GM 


Fberbach 


CORPORATION 
P.O. Box 1024, Ann Arbor, Mich. 











LIFE SCIENCE SERIES 


New Significant Titles 
MYCOLOGY a 


Consulting Editor: GEORGE B. CUMMINS 
«Illustrated Genera of Imperfect Fungi by Barner, $4.50 
«Illustrated Genera of Rust Fungi by Cummins, $4.50 
«Illustrated Genera of Wood Decay Fungi by Feraus, $4.00 


BIOCHEMISTRY—MICROBIOLOGY 
Consulting Editors: ROBERT H. BURRIS and HERMAN C. LICHSTEIN 
«Principles of Radioisotope Methodology by CHAsE, $6.00 
«Elementary Biochemistry by Mertz, cloth bound, $6.50, spiral bound $5.50 
«Perspectives in Virology, Vol. II by Potiarp, $8.00 
«Nucleic Acid Outlines, Vol. I by Porrrr, $5.00 
«Behavior of Enzyme Systems by REtNrEr, $6.50 
«Metabolic Maps, Vol. II by Umsrerrt, $6.00 
*Manometric Techniques by UmMBrett-BurRIs-STAUFFER, $6.50 
«Symposium: Latency and Masking in Viral and Rickettsial Infections by WALKER- 
Hanson-Evans, $4.75 
order from 


BURGESS PUBLISHING COMPANY 


Dept. F761, 426 South Sixth Street, Minneapolis 15, Minn. 
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RESEARCH MICROSCOPE 
of most modern design 


VERSATILE MODEL WL 





— CARL ~ 
| ees 


The latest optical and mechanical achievements 
are incorporated in this Carl Zeiss Research 
Microscope WL. It can be used with the utmost 
ease, affords quick setting, and its optical per- 
formance is outstanding. 

Interchangeability of parts permits quick as- 
sembly for any special tasks... Various revolv- 
ing nose pieces and tubes may be attached to 
the tube head... Has conveniently located pin- 
ion heads for coarse and fine adjustment, the 
latter with intervals of 0.002 mm... Base 
houses complete built-in illumination. Koehler 
principle may be applied... The instrument is 
ideally suited for photomicrography and obser- 
vation in brightfield, darkfield, phase contrast, 
polarized light as well as incident light. 














Write for booklet which gives complete details. 





Made in West Germany 





COMPLETE 


tf 7 LEMS 3S, MILL, 5\\ce Faciities 


485 FIFTH AVENUE, NEW YORK 17, N. Y. 
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beside the S"I'I 1.1. waters 
... there’s always the 


LOU GE BOR OU GFEzaz 


ALL GLASS WATER STILL ~ 7 





Two highly productive models available: // 


4 LITERS PER HOUR 


and 
8 LITERS PER HOUR 
“COMPACT 
eINGENIOUVUS 
EEE ICCLILEN 'T 
COMPACT 


Only 3 components: condenser, boiling 








reservoir, immersion heater (automa- / / 


INGENIOUS | 


Reservoir fills from tap and auto- 


tic overload protected) 





matically maintains constant water 
level. Cooling water in condenser re- 
cycles to boiling reservoir . . . pre- 
heated. Steam trap allows only vapor 


to enter condenser—no solids. 


EFFICIENT 


Distillate produced is pyrogen free 
and analyses have shown it to contain 
less than one part in 10 millions of WRITE FOR BROCHURE LSI—F 
iron, copper, chromium or nickel. 


) 1 
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PRECISION 
CONTROLLED 


AO \ 


FREEZE DRYING EQUIPMENT 


NY 


The increasingly vital role of freeze drying in 
the preservation and concentration of critical 
substances demands better engineered, more 
versatile apparatus. Now Amsco Del-Vac Freeze 
Dry Apparatus fulfills this need within labora- 
tories, pilot plants and production facilities. 

Significantly finer performance and versatility 
of Amsco Del-Vac Freeze Drying equipment 
permit the direct transfer of process data from 
laboratory or pilot models to large scale 
production models . . . without intermediate 
stages, of pilot operation. 

Whatever your freeze dry needs . . . whether 
you require heated, refrigerated process shelves; 
hydraulic stoppering shelves; a powerful, 
built-in 5 to 10 micron vaccum pump; or fully 
automatic controls . . . Amsco Del-Vac has 
an appropriate model. 

Write for fully illustrated brochure IC-606. ,/ 





AMERICAN 7 

i © 3 34 I LIZER F : ' 8 Most advanced pilot and light 
production freeze dryer 

ERIE*PENNSYLVANIA available... Amsco Del-Vac 


Model 22424RHVM, with 
Scientific and Industrial Department spre bashes essa 


shelves, hydraulic stoppering 


; shelves, 5to 10 micron vacuum ; 
World’s largest designer and manufacturer : pump... The ultimate 
of Sterilizers, Operating Tables, Lights in freeze dry efficiency 
and related biological equipment 5 
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CLINAC “MICRO” PIPETTER 





FROM LAPINE — SIMPLE, SAFE, ACCURATE PIPETTERS 
FOR EVERY LABORATORY NEED 


These LaPine pipetters eliminate mouth 
pipetting of toxic liquids and deadly bacteria. 
They provide complete safety from all types 
of contamination, and at the same time, give 
you superb, precise control. 

You see pipette graduations from the best 
possible position, control both intake and 
discharge of liquids with the touch of a finger. 
You can skim off minute quantities of liquid 
and deliver fractions of a drop with an 
accuracy of .01 ml or better! Each of these 


pipetters can be used either in the right or 
left hand for maximum convenience! 


No. AC 341-83 Pumpett—Accommodates all sizes of pipettes 
including microcapillary. They are clamped or released by 
finger-operated, spring-loaded, two-jaw chuck. Each $7.50 


No. AC 341-80 Clinac “Standard” Pipetter—Accommodates vol- 
umetric, measuring, and serological pipettes of various sizes 
and diameters. Thumb roller gives extremely precise control. 
Pipetter can be set at almost any angle while keeping pipette 
vertical. Each 


No. AC 341-82 Clinac “Micro” Pipetter—Especially suited for 
blood pipetting and establishing chromatography patterns. 
Accommodates pipettes up to approximately 1000 microliters. 
Contents of pipettes contactonly pure gum rubber. Each..$12.50 


Clinac Pipetters are covered by U. S. and foreign patents. 


—e LaPINE SCIENTIFIC COMPANY 
LAPINE 6001 SOUTH KNOX AvaSUE. CHC BE 24. ILLINOIS, U.S.A. 


LABORATORY SUPPLIES * EQUIPMENT * REAGENT AND INDUSTRIAL CHEMICALS 
IN THE EAST: LaPINE SCIENTIFIC COMPANY (NEW YORK) SOUTH BUCKHOUT STREET, IRVINGTON-ON-HUDSON, NEW YORK 
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... Without loss of touch or dexterity 


Handgards are disposable polyethylene gloves that are sanitary 
and convenient—taking advantage of polyethylene’s resistance to 
acids and alkalis to give your hands protection. 












Handgards fit tightly, allowing an amazing sense of touch— 
polyethylene stretches with the hand never restricting its 
movement. 


Handgard seams are smooth and strong. An exclusive process 
produces seams that are as strong as the polyethylene film itself. 


Handgards are water tight. 























it or Handgards are conveniently packaged, either laminated on rolls 
of white tissue or in a handy pop-up dispenser. They are 
pettes available in 3 sizes, 3 weights and 3 lengths. 
sed by 
. $7.50 Handgards cost but pennies a glove—are therefore disposable. 
es vol- We would like you to see this modern idea in hand protection. 
s sizes Mail the coupon below for full information 
ontrol. together with the sample glove of your choice. 
pipette 
$15.00 
rT | rr = ———=—*=*=*=s=Sw Ri a a 1 
, Plasticsmith, Inc. | 
“or P.O. Box 1071, Pittsburg, California 
outers. 
$12.50 Please send me complete information and a sample pair of Handgards. | 
Size: small(] medium] large (J | 
I Name | 
y ! H 
handgar ds Department ! 
: Manufactured by | Company | 
nand s s | Add $s 1 
S Plasticsmith, Inc. cg | 
City State ! 


K Box 1071, Pittsburg, California Sh hecms J 







































































Nuclear-Chicago’s new family of liquid scintillation counters — 


Just months old and already meeting 
the critical demands of exacting research 











Although introduced and well received just 
last April, Nuclear-Chicago's new family of 
liquid scintillation counters is already hard 
at work. At varying levels of work load and 
within widely differing budgets, these three 
systems are setting new standards of pre- 
cision, sensitivity and convenience for de- 
manding scientists. 


Research programs expand and equip- 
ment needs are upgraded. These new 
systems—compatible with your present, 
standard scaling instruments—easily ac- 
commodate to such growth. 


Model 701 is a modestly priced, basic sys- 
tem for manual, room-temperature count- 
ing of limited numbers of samples. Unique- 
ly sensitive detectorassemblyandadvanced, 
transistorized circuitry provide high count- 
ing efficiency for carbon-14, tritium, and 
other soft-beta emitting isotopes. Model 702 


Model 701 Model 702 
manual operation, manual, temperature-controlled operation, 
shown with shown with 8250 scaler 


8250 scalcr 


and 8600 timer 


adds a precision-controlled low-tempera- 
ture chamber for increased tritium-count- 
ing efficiency. The third member of the 
family, Model 703, provides fully automatic 
sample handling together with varied op- 
tions of data presentation. 


Field conversion to upgrade Models 701 
and 702 as work load and budget permit 
requires only the addition, first, of the 
custom-built, compact cooling chamber, 
and then, of the automatic sample changer 
mechanism and controls. 


Please request literature detailing these 
compact, integrated systems. 





nuclear-chicago 


CORPORATION 














335 EAST HOWARD AVENUE, DES PLAINES, ILLINOIS 


Model 703 

automatic, temperature-controlled operation, 
shown with two 8250 scalers, 

8600 timer and 8401 digital recorder 








MULTI-CENTRIFUGAL MOBILE 


Fyglly-equipped mobile unit automati- \ 
C@ily forms perfect shells in glass con- i 

tainers by centrifugal action. Eliminates ' TABLE MODELS & ACCESSORIES 
slow and tedious old-fashioned shell : 

freezing methods; drying time is cut by p All equipment is so designed that it can be 
at least 20%. Stainless-steel condensor | associated with refrigerating and vacuum apparatus 
has a 10-liter capacity; works off a ito perform a number of functions. The following 
Cenco vacuum Hyvac pump. Belt-driven, accessories may be combined with the VacTrap 
adjustable-speed centrifuge has 14 re- or Circu-Freeze. 

volving platforms in stainless-steel hous- 
ing that incorporates a 1” lucite top 
with gasket for top loading operation. 
Stainless-steel manifold has 50 ports. 
Includes glass McLeod gauge, control 
panel, timer. Model CFD-1 (Cenco 
Hyvac 2-pump, 20 liters/min., 0.1 
micron); Model CFD-2 (Same as above 
but with two multi-centrifuge boxes for 
alternate or simultaneous operation). 


FREEZE DRYERS: Stainless-steel 
freeze dryers with 6-18 ports 
and two for connections to 
vacuum gauge and pump. 
Ports available in either 14” 
or %” OD. Capacity, center 
well, 225cc to 7 liters of dry 
ice and acetone. Arc welded 
construction, 


a Se aa an 7 a MANIFOLD: Stainless steel 
, fF unit with 50 ports in 4” or 


¥%," OD. Available for verti- 





cal or horizontal mounting. 


TRAPS: Stainless -steel traps 


& available with 14” or 34” 
OD ports. Dry ice and ace- 
tone volume from 1.5 to 3.0 


ASSOCIATED EQUIPMENT liters. 


CIRCU-FREEZE 


EXTREMELY VERSA- 
TILE PORTABLE UNIT 
FOR LOW TEMPERA- 
TURE —60°F DRY AIR 
STORAGE, OR —30°F 
CIRCULATING BRINE 
CHILLING UNIT. 


Constructed of heavy- 
duty stainless steel; 
measures 22” x 14” x 
25”. Stainless-steel 
drum, 8” x 834” has 
total capacity of 6 
quarts; other drum 
VACTRAP capacities are avail- 
able to fit specific 
PORTABLE CONDENSING SYSTEM PLACES THE needs. Includes: inlet 
STAINLESS STEEL VACUUM TRAP AND VACUUM and outlet fixtures, 
PUMP BELOW THE LABORATORY BENCH TO electrical connections and switchgear. All units are 
SAVE VALUABLE WORKING SPACE; UNIT IS mounted on rigid frame with 4 rubber casters for 
MOUNTED ON A STAINLESS STEEL DOLLY FOR mobility. Also available in lower temperature ranges. 
MOBILITY, 


FEATURES: Cenco Hyvac pump, 10 liters/ 
minute capacity, with ultimate vacuum at .3 
microns; . stainless steel heavy-duty condensor 
with two 14” ports; non-slip pure gum gasket; 
rapid vacuum break device; pure gum heavy 
wall stock rubber tubing. Pumps and traps are 
available in varying sizes and capacities. 














GET COLOR CODING 


ON PYREX PIPETS 
AT NO EXTRACOST e 


Put the advantages of color coding into the work 
you do with Mohr and serological pipets without 
paying a premium. 

As you see below, the color band and number 
on the pipet tell what its capacity is and how 
it’s graduated. 

Sorting after washing or sterilizing goes faster 
and more accurately. The same is true for finding 
a particular pipet in the stockroom — boxes are 
coded, too. 

All colors withstand the chemical durability 
tests outlined in Federal Specification DD-V- 
581-a. 

You can get the code shown below on all these 


PyREX pipets at no extra cost: 7060, 7063, 7064, 
7065 Mohrs; 7080, 7081, 7083, 7084, 7085, 
7086, 7087, and 7093 serologicals. 

Naturally, you can combine these pipets with 
your orders for other PyREXx ware to earn dis- 
counts as high as 23.5%. 

Your dealer has these color coded pipets in 
stock. For a complete listing of these pipets, send 
for Supplement No. 2 to Laboratory Glassware 
Catalog LG-2. 


" CORNING GLASS WORKS 


% 1961 Crystal Street, Corning, New York 
CORNING MEANS RESEARCH IN GLASS 


PYRE X°® taboratory ware... the tested tool of modern research 
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HOW TO DETERMINE THE 





COST 


OF CULTURE TUBES 


These culture tubes look alike. How do you find 
out which type gives you the greatest value, 
costs you the least? 

Simple. Try them. Test them in your labs, 
under your routines. 

If your tests turn out as we expect they will, 
you'll find that PyREXx® brand culture tubes last 
longer, perform better. We modestly labeled 
them “X” up above. 

You'll be testing these features of our culture 
tubes: 

Uniformly tough walls. The tubes stand up 
through knocks and jars. 

Chemical inertness. The tubes will coddle a 
culture a long time and never add anything to it. 
Nor will they cloud with repeated sterilization. 

Thermal shock resistance. You can apply 
sudden heat or sudden cold. 

These are values your tests will prove for 
any of our culture tubes. 


You'll find still others if you happen to test 
one of three screw-cap tube designs. They let 
you eliminate cotton plugs and all the fuss that 
goes with them. 

The caps are chip resistant and sterilizable 
time and again, because of a special-formula 
plastic. The white rubber liner is inert chem- 
ically, and a special cement keeps it in place 
through heat and steam. 

Your PyREXx labware catalog LG-2 gives you 
details on all our culture tubes. Write for your 
free copy. 

Your laboratory supply dealer can help you 
pinpoint the values which make the difference 
between cost and price. 


CORNING GLASS WORKS 


8505 Crystal St., Corning, N. Y. 
CORNING MEANS RESEARCH IN GLASS 





PYREX°® laboratory ware... the tested tool of modern research 
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UNUE 


IS THE WORD 
FOR THE 


RCA 
ELECTRON 


MICROSCOPE 


Only the EMU can give you so many unique design features... 
features that mean the most productivity for your research dollar: 


e An exclusive vacuum system, completely automatic, resulting 
in a high output of micrographs. A unique arrangement and 
simplicity of controls, making the instrument highly responsive 
in the hands of the skilled operator and unusually productive 
even for the beginner. 


e A philosophy of design so sound that even early models of the 
RCA Electron Microscope are still in use. (Since most new im- 
provements and accessories can be adapted to instruments in the 
field, the useful lifetime of RCA microscopes can be prolonged. ) 


e An Electron Diffraction Chamber, far superior to any in the 
field, is easily installed; permits performing transmission and 
reflection type diffraction studies. 


e Available soon — a new Universal stage for hot and cold 
specimen analysis will further extend the usefulness of RCA 
Electron Microscopes. 


You would expect the leader in electronics to provide the foremost 
instrument for electron microscopy. Today more RCA Electron 
Microscopes have been sold than all others combined. The RCA 
Electron Microscope is backed by an unexcelled nation-wide 
service organization and is further supplemented by RCA’s own 
Applications Laboratory in Camden, N. J. A NEW LEASING 
PLAN now makes it possible to obtain all RCA scientific instru- 
ments with no down payment, low monthly terms, and a favor- 
able option to buy. See your RCA Representative for additional 
information. Or write to RCA, Scientific Instruments, Dept. X-287, 
Buildinz 15-1, Camden, N. J. In Canada: RCA VICTOR Company, 
Limited, Montreal. 


The Most Trusted Name 
in Electronics 
RADIO CORPORATION OF AMERICA 











21 NEW 1961 BOOKS GUARANTEED TO 
INCREASE YOUR PROFESSIONAL 


EFFECTIVENESS 





John D. Abbatt et al PROTECTION AGAINST RA- 
DIATION: A Practical Handbook. 244 pp., 48 il., 
$6.50 

Peter Armitage (London School of Hygiene and Tropical 
Med.) —SEQUENTIAL MEDICAL TRIALS. 120 pp., 


22 il., $4.75 

H. J. B. Atkins (Guy’s Hosp. London)—TOOLS OF 
BIOLOGICAL RESEARCH. Volume III. 200 pp., 
76 il. 

Seymour Farber & Roger H. L. Wilson (both of Univ. 
Calif.). THE AIR WE BREATHE: A Study of Man 
and His Environment. 432 pp., 82 il., $14.00 


Vernon M. Ingram (Mass. Institute of Tech.)\—HEMO- 
GLOBIN AND ITS ABNORMALITIES. 168 pp., 95 
il. (Amer. Lec. Living Chemistry), $7.50 


Harold Elford Johns (Univ. of Toronto)—THE PHYS- 
ICS OF RADIOLOGY (2nd Ed.). 788 pp. (6%4 x 934), 
469 il. (Amer. Lec. Radiation Therapy), $23.00 


Elvin A. Kabat (Columbia Univ.)—Kabat and Mayer’s 
EXPERIMENTAL IMMUNOCHEMISTRY. 920 pp., 
458 il., $26.50 


E. R. King and T. G. Mitchell (both of U. S. Navy)—A 
MANUAL FOR NUCLEAR MEDICINE. 416 pp., 143 
il., $13.50 


Esmond R. Long (Univ. of Pa.)\—SELECTED READ- 
INGS IN PATHOLOGY (2nd Ed.). 316 pp. (614 x 
915), 25 il., $8.50 


E.G. Maegraith et al. (Liverpool School of Tropical Med.) 
—TECHNIQUES IN TROPICAL PATHOLOGY. 
174 pp., 41 il., $6.00 


George R. Meneely (Vanderbilt Univ..—RADIOAC- 
TIVITY IN MAN: Whole Body Counting and Ef- 
fects of Internal Gamma Ray-Emitting Radio- 
isotopes. 512 pp., 170 il., $16.50 





George M. Naimark (Burdick & Becker, Inc..—A PAT- 
ENT MANUAL FOR SCIENTISTS AND ENGI- 
NEERS. 128 pp., $5.50 


Samuel Natelson (The Roosevelt Hosp., N.Y.C.)—- 
MICROTECHNIQUES OF CLINICAL CHEMIS- 
TRY (2nd Ed.) 


T. A. J. Prankerd (Univ. College Hospital Med. School, 

London)—THE RED CELL: An Account of Its 

Chemical Physiology and Pathology. 196 pp., 27 il., 
7.50 


J. H. Quastel and David M. J. Quastel (both of McGill 
Univ.)—THE CHEMISTRY OF BRAIN METAB- 
OLISM IN HEALTH AND DISEASE. 184 pp., 23 il., 
(Amer. Lec. Living Chemistry), $6.50 


Nicolas Rashevsky (Univ. Chicago) —MATHEMATI- 
CAL PRINCIPLES IN BIOLOGY AND THEIR 
APPLICATIONS. 144 pp., 50 il. (Amer. Lec. Living 
Chemistry), $6.00 


Hans Selye (Univ. of Montreal) —THE PLURICAUSAL 
CARDIOPATHIES 


R. H. Smythe (Royal Coll. of Veterinary Surgeons)— 
ANIMAL VISION. 250 pp., 229 il., $6.50 


H. F. Steedman (The University, Glasgow)—SECTION 
CUTTING IN MICROSCOPY. 190 pp., 119 il., $5.50 


Samuel Wesley Thompson et al. (U. S. Army Medical 
Research and Development Command)—A HISTO- 
PATHOLOGIC AND HISTOLOGIC CODING SYS- 
TEM FOR TISSUE COLLECTIONS 


P.J.Waardenburg et al. (Univ. of Utrecht and Leyden)— 
GENETICS AND OPHTHALMOLOGY. 1040 pp., 
650 black and white il., 60 color plates, $54.50 
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Here’s why AO Phasestar offers you more! 













The AO Spencer Phasestar is the most versatile phase 
microscope ever developed. Beginning with a basic 
Phasestar stand, you can select from a wide choice 
of interchangeable bodies, stages, optics and phase 
accessories to make up the specific model that meets 
your exact needs...all in all, more than 50 possible 
combinations or models to choose from. And whatever 
the model you choose, you're assured of superior AO 
Spencer quality p/us matchless convenience, comfort 
and versatility. 

Often particular phase applications require specific 
equipment and phase contrast objectives. Before you 
select your phase microscope and accessories consult 
your AO Sales Representative. He’s qualified to help 


American ®& Optical 


COMPANY 


INSTRUMENT DIVISION, BUFFALO 15, NEW YORK 





New Bertrand Lens Built-in Bertrand lens 
is now supplied as standard on all binocu- 
lar and trinocular Phasestars to provide 
new convenience. You slide lens into 

sition in eyepiece tube and raise or 
ower to focus quickly on diffraction plate 
at back aperture-of objective. 


Interchangeable, Rotatable Bodies Your 
choice of interchangeable, rotatable, mon- 
ocular, binocular or trinocular . bodies. 
Simply loosen thumb screw to rotate (full 
360°) or interchange. Special inclined 
monocular body with vertical photo- 
gtaphic tube also available. 








Interchangeable Stages You loosen sin- 
gle set screw to remove and interchange 
stages... your choice of graduated or un- 
graduated mechanical or MICRO-GLIDE 
stages. 


you select the microscope and equipment you need to 
do the job. There’s no obligation, of course. 


AO SPENCER PHASE ACCESSORIES FOR PLATELET COUNTS 
The use of phase contrast 
for blood platelet counts Specimen Plane 
is increasing in acceptance 3mm 
and application. The (Air) 
longer working distance / U 
required with the phase 
hemacytometer can be 
obtained with special AO 
Spencer long working distance accessories that provide 
up to 7mm working distance in air or 104mm in glass. 














Dept. U202 
O I would like to review a specific phase microscopy problem. | 
Please have AO Sales Representative call. 











0 Please send copy of Phasestar Brochure. l 
Name aaa 2 é | 
Address i 
City. Zone_____ State. hie 
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IN CANADA write— American Optical Company Canada Ltd., Box 40, Terminal A, Toronto, Ontario 
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Automatic Protein 


and/or 


Peptide Analyses 


(Either Individual Samples or Column Effluent) 





Quantitate... 


Total Nitrogen by Kjeldahl 
Total Protein by Biuret 


Total Protein by Folin—Ciocalteau 
(Lowry modification) 


Amino Groups by Ninhydrin 
Tyrosine by Folin—Ciocalteau 
Histidine by Pauly Diazo Reaction 
Arginine by Sakaguchi 

Glutamic Acid by Decarboxylase 
Lysine by Decarboxylase 


Albumin by HABA Dye 
[2-(4’ hydroxyazobenzene) benzoic acid] 


Analyze... 


Biological Fluids directly 


Effluent from DEAE or Resin Chromatographic 
Column 


Effluent from Poraeth Electrophoretic Column 
Electrophoretic Starch Block Fractions 
Electrophoretic Paper Chromatogram Segments 
Check point stages in Protein Fractionation 


Counter Current Distributions 


with the TECHNICON® 


Sami? Apalyner r 


Any or all of these determinations may be run on the same 
AutoAnalyzer: Takes only two minutes to change from 
one type of analysis to another. Any combination may 
be run simultaneously from the same sample by adding 
additional standard AutoAnalyzer modules. The response 
time is such that most of the analyses may be run at 40 
samples per hour. 


for information, select area of interest and write to 


TECHNICON CHROMATOGRAPHY CORP. 
72 RESEARCH PARK + CHAUNCEY, NEW YORK 











| From Year Book Medical Publishers 


NEW BOOKS 


Of Special Interest and Usefulness 


| Defares & Sneddon's 








MATHEMATICS OF MEDICINE & BIOLOGY 


An especially timely contribution carefully attuned to the needs 
of the medical researcher and biologist, based on the assumption 
that most of its users will be those who have not recently engaged 
in a formal study of mathematics. 


About a third of the book is devoted to actual applications of 
mathematics to problems in medicine and biology. Basic mathe- 
matical tools are developed but always against a biological back- 
ground. Emphasis is placed on how to formulate a given biological 
problem in mathematical terms . . . how to set up basic mathe- 
matical equations governing the model which describes the bio- 
logical sitation. Although the theory of statistics is not treated, 
considerable care has been taken to include all the mathematics 
required for the serious study of statistics. By J. G. DEFARES, 
Dept. of Physiology, University of Leyden, and I. N. SNEDDON, 
Dept. of Mathematics, University of Glasgow. 633 pages; 177 dia- 
grams, tables and illustrations. $14.00. 


Davenport's 


PHYSIOLOGY OF THE DIGESTIVE TRACT 


Prepublication announcement of this new text has excited broad 
interest among educators, and indeed it should, for here is one of 
the most effective teaching instrumenis for the student of physi- 
ology to appear in many years. A distinguished educator in the 
field has expended every effort to create a presentation which will 
stimulate and sustain student interest throughout the study. Ex- 


| cellent illustrative material complements and supplements text 


matter characterized by a quality of clarity and organization 
certain to appeal to teachers. By HORACE W. DAVENPORT, 
Ph.D., Professor and Chairman, Dept. of Physiology, University of 
Michigan. 225 pages; illustrated. Ready in June. 


MacFate’s 
INTRODUCTION TO THE CLINICAL 
LABORATORY 


A manual teachers will wish their students to have—a complete 
description of essential information on use and care of laboratory 
equipment, preservation and handling of specimens, systems of 
measurement, care of small animals in the laboratory, discarding 
of specimens and dangerous chemicals, etc. By ROBERT P. 
MacFATE, Ch.E., M.S., Ph.D., Chief, Division of Laboratories, 
City of Chicago Board of Health. 450 pages; illustrated. Ready in 


June. 


Available from Book Stores or the Publishers 
YEAR BOOK MEDICAL PUBLISHERS, INC. 
200 E. Illinois Street Chicago 11, Illinois 
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vica.| Automatic Superspeed Refrigerated Centrifuge 
TORY 


omplete Today's advanced techniques in preparative research demand func- 


boratory tional versatility and accuracy in instrumentation. Hundreds of mod- 
stems of ern laboratories have met this demand by installing a SERVALL RC-2. 
scarding Six different rotors permit routine and research centrifugation in liter- 
ERT P. ally hundreds of tube combinations. Automatic controls simplify and 
pratorves, speed operation. Standard rotor adapts to SERVALL Continuous Flow 
Ready in System which collects sediment in 8, 4 or 2 stainless steel tubes. 
Smooth-walled, stainless steel combination rotor-chamber/evaporator 
eliminates exposed corrosive and hard-to-clean coils. Elevated panel 
puts all controls at operator's fingertips. The RC-2 is the Refrigerated 
blishers Centrifuge that was designed for your — needs. 17,500 ‘rpm — 
2S, INC. 37,000 x G (with SS-34 Rotor). Write for Bulletin FP-7RC 2 
> 11, Illinois 


fwan Sorwall, Ine. 


Norwalk, Connecticut 
SERVALL CENTRIFUGES SERVE YOU BEST 











Announcing Another ROCKLAND First! 


NEW ROCKLAND 
MOUSE WORMER-DIET" 


a) 


—with Piperazine 


Eliminates and controls infestation of certain Oxyurids in Laboratory Mice! 


Developed by scientists for use under re- 
search conditions RocKLAND MousE 
WorMER-DIET provides a safe, easy 
approach to solving the problem of infes- 
tation by certain oxyurids in colonies of 
laboratory mice. 

Tests clearly demonstrate new R.ocK- 
LAND MousE WoRMER-DIET ... contain- 
ing a Piperazine compound .. . provides a 
highly effective therapy for elimination of 
oxyurids (Syphacia obvelata and Aspicu- 
luris tetraptera). It was found that new 
RocKLAND MousE WoRMER-DIET dis- 
rupts the life cycle of these oxyurids thus 
affording highly effective control within 
30 days. 


Manufactured and distributed by: 
A. E. STALEY 


MANUFACTURING CO. ° 


RocKLAND MousE DIET and new 
RockKLAND MousE WorMER-DIET are of 
the same formulation; with the addition 
of a Piperazine compound to the latter 
...the only difference. Thus you may 
eliminate oxyurids from your colony with- 
out interrupting their feeding program. 

For further information and recom- 
mended feeding regimen, write: 

A. E. Staley Mfg. Co., Decatur, IIl. 


*This product available only on request. 
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ROCKLAND DIETS 


DECATUR, 





other ROCKLAND standard 


reference stock diets: 
R,OCKLAND 

RAT DIET (complete) 
ROCKLAND 

Doc DIET 
ROCKLAND 

Mouse DIET 
R,OCKLAND 

RABBIT RATION 

OCKLAND 

RAT DIET (D-Free) 
ROCKLAND 

GUINEA PIG Diet 
R,OCKLAND 

MONKEY DIET 





ILLINOIS 








DESIGNED FOR: 


eye 


1919 GEST ST. 





ANIMAL CARE EQUIPMENT 


THE HEALTH AND COMFORT OF THE ANIMAL 
EASE OF SERVICING AND CLEANING 
ADAPTABILITY TO CHANGING PROGRAMS 
LOW ORIGINAL COST AND LOW DEPRECIATION 


Catalog Available 


Complete with Physiological Data and Room Planner Service 


HOELTGE BRO@., INC. 


CINCINNATI 4, OHIO 


Service Since 1856 
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COAL STOKERS ARE OUT-OF-DATE. . . : 





i 


-IN THE ATOMIC AGE . . AND 


There is no room in the modern research laboratory for 
the now obsolete methods and instruments of yesterday. 


METTLER balances are outstanding examples of mod- 
ern instrumentation. They are: 


® very precise 


e simple, fast and convenient in 
operation 


e well designed and of sturdy 
construction 


They are available in a full line from the micro balance 


to units weighing in the kilogram range. 


Write today for the complete file on 
the modern Mettler balances. 








METTLER INSTRUMENT CORPORATION 


P. 0. BOX 100, PRINCETON, NEW JERSEY 














ELECTROCHEMICAL INSTRUMENTS 
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The original pH meter, developed by Dr. Arnold O. Beckman, is demonstrated 
to Dr. Leland G. Cole, Vice President-Research. Also illustrated is part of the large 
family of Beckman instruments serving science and industry today. 


Instrumental in your future...since 1935. 
Today’s growing family of Beckman precision instruments began 
with the first commercially available pH meter, developed by 
Dr. Arnold O. Beckman. Pioneering a revolutionary electrochemical 
technique, this principle helped establish the modern standard 
for advanced pH analysis and control. Over the past 25 years, nearly 
100,000 Beckman pH meters have served to prove this. % In 1940, 
Beckman introduced the first commercial quartz spectrophotometer, 
followed two years later by the first commercial infrared instrument. 
Today, more Beckman UV and IR spectrophotometers have been 
used in more laboratories and for more applications than 
all others combined. % Beckman leadership, also well established 
in many diverse applications of gas analysis, was further 
extended in 1959 with the announcement of the Megachrom* 
preparative gas chromatograph** % The unique heritage of these 
first-generation Beckman instruments...advanced design 
and outstanding performance... will prevail in those of tomorrow. 
Further assurance of dependable performance...in scientific 
laboratories and industrial processing...is provided 
by Beckman’s field service and maintenance organization 
second-to-none. For details on these broad 
lines and complementary accessories, 
write for Data File 91-6-15. Beckman 


Scientific and Process | Instruments Division 
Beckman Instruments, Inc. 


Fullerton, California 


PHOTOMETERS = — | INFRARED SPECTROPHOTOMETERS : GAS CHROMATOGRAPHS : OXYGEN ANALYZERS : SPECIALTIES 
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ANNUAL REVIEW OF MEDICINE 





VOLUME 12 














Infectious Disease : 
Physiology of the Surgically 


Malabsorption: Celiac Sprue 
Cardiovascular Disease : Myocardiopathics.. ae ; 
Cardiovascular Disease: Extracorporeal Circulation. . oe aie D. G. Melrose 
Hormonal Influences on Renal Function... . . ; * Z. 
Kidney Disease: Acquired Tubular Disorders 
Untoward Reactions to Antimicrobial Agents 


Oral Hypoglycemic Agents. 


Evaluation of Hazards of Radiation E xposure in. Medical Pr actice. 
Neoplastic Disease: Tumor Metabolism . 

Neoplastic Disease : Tumor-Virus Relations 

Hematology : Iron Metabolism. . 


Bile Pigment Metabolism . 


The Porphyrins and the Porphyrias. 
Endocrine Tissue Transplantation . 


Physiology of the Placenta. 


Dermatology : The Eccrine Sweat G lands 
Medical Aspects of Space Flight. . . 
Neural Control of Endocrine Function 


Psychiatry : Psychometrics. . 


Psychopharmacology : Poychotherapentic _— 
Respiratory Problems of the Newborn . 
Evaluation of Pulmonary Function: Methods : ; ee 


Respiratory Viruses R. M. Chanock and kK. M. Johnson 
Altered Stomach : a C. E. Welch and D. S. Ellis 





Editors: 

D. A. RyTAND 
C. E. Rubin W. P. CREGER 
E. D. Robin 
Editorial Committee: 

R. E. Cooke 

M. A. Hayes 

R. L. LANDAU 

C. G. Loostt1 

A. A. LieBow 


G. Wesson, Jr. 
1. S. Relman and N. G. Levinsky 

Tiers er H. J. Simon and L. A. Rantz 
eeieich. ae araNe ......4. Marble 
L. H. Hempelmann 


H. Busch and J. R. Davis D. A. RyTAND 
S. E. Stewart 
E. Beutler 454 pages 
G. Klatskin Clothbound 
_L. Eales . 
i ee Published: 
_.H. Prystowsky May 1961 


W. C. Lobitz, Jr., and R. L. Dobson $7.00 postpaid 
A. H. Schwichtenberg (U.S.A.) 
G. Farrell and E. W. Rauschkolb 


..C. L. Winder $7.50 postpaid 


.B. B. Brodie, F. Sulser, and E. Costa (elsewhere) 
..C. D. Cook Subject & Author 
. A. Gaensler Indexes 














VOLUME 23 


Editor: 
Victor E. HALL 


Associate Editors: 
F. A. FUHRMAN 
A. C. GIEsE 
Editorial Committee: 
R. S. ALEXANDER 
J. M. BRooKHART 
V. E. HA 
H. HoAGLanp 
R. L. RILEy 
C. M. SzEco 
674 pages 
Clothbound 
Published: 
March 1961 
$7.00 postpaid 
(U.S.A.) 
$7.50 postpaid 
(elsewhere) 
Subject & Author 
Indexes 


ANNUAL REVIEW OF hiseccticin 


he ..Carl F. Schmidt 
.Max Kleiber and Terence A. Rogers 
I. S. Edelman 

_Donald S. Farner 

_ Nathan W. Shock 

S. M. Tenney 

Digestive System Dinan ewan ae nee Henry D. Janowitz 
Laver... Peer ce ot eee Lod aaa ole ee eC Boe 
Skin. ; ; ; ... Walter C. Lobitz, Jr., and Farrington Daniels, Jr. 
.. Edmund B. Flink 


Pharmacology in a Changing World. 
Energy Metabolism. Sie Ren ee ga enn, Fg Pera 
Transport Through Biologic al Membranes . 

Comparative Physiology: Photoperiodicity . 

Physiological Aspects of Aging in Man... . 


Respiration. . 


Adenohypophysis and Adrenal Cortex 


Reproduction . oa Sah ears . Joseph Thomas Velardo 
Peripheral Circulation . Sears ae 2 reste et ome naes David F. Bohr 
JS ae nee oe seme .. Brian F. - Hoffman and Frederic Kavaler 


_K. Frank and M. G. F. Fuortes 
..P. Buser and A. Rougeul 


Visceral Functions of the Nervous System. . Boe Se Ber ena t 
..E. Roy John 


Excitation and Conduction. . . 


Somatic Functions of the Nervous System... . 


High Nervous Functions: Brain Functions and Learning . 


Hearing . _ Merle Lawrence 
Kidney, Water and Electrolyte Metabolism. . . ..H. Wirz 
Major Problems in Muscle Physiology...........W. F. H. M. Mommaerts, with A. J. Brady and B. C. Abbott 


Comparative Physiology: Transmitter Substances. ...............0.00cceeeeceeececeesss... .donst Florey 














ANNUAL REVIEWS, INC. 


231 Grant Avenue 


FEDERATION PROCEEDINGS 


Palo Alto, California 





Volume 20 
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Mettler Balances from S/P 





which one fits your needs? 


From micro to macro, there’s a Mettler 
Balance from S/P that’s perfectly suited 
to your laboratory. These modern single 
pan balances are fast, accurate, conven- 
ient. With Mettler Balances, it takes less 
than 30 seconds to determine an un- 
known weight, and they’re so simple to 





operate no special training is required. 


Scientific Products has Mettler Balances 
in stock. For complete literature or a 
conclusive demonstration, ask your S/P 
Representative or write our General 
Offices (address below). 


scientific products 


DIVISION OF AMERICAN HOSPITAL SUPPLY CORPORATION 


GENERAL OFFICES: 1210 LEON PLACE, EVANSTON, ILLINOIS 
Regional Offices: Atlanta - Boston - Charlotte - Chicago * Columbus - Dallas - Detroit - Kansas City 


Los Angeles - Miami + Minneapolis - 


New York « San Francisco - Washington 


Export. Department—Flushing 59, L. |., New York. In Mexico: Hoffmann-Pinther & Bosworth, S. A. 














ACME « erticient METABOLISM CAGES CLEAR URINE AND FECES SEPARATION 
URINE DOES NOT PASS OVER FECES 


—— SIZES FOR LARGE OR SMALL RATS, 
GUINEA PIGS, AND ADULT MICE. 











Mobile Racks and Stands available 














COMPLETE DETAILED ; 
BROCHURE NO. 62 ac-eete STAMLEOS STEEL. ACME Adjustable Feeders check 
eanncaticdatndemnesseel RAT METABOLISM CAGE food consumption accurately. 





ACME METAL PRODUCTS, INC., 7757 SOUTH CHICAGO AVE., CHICAGO 19, ILLINOIS 























GROWTH, DEVELOPMENT, AND PATTERN 


by N. J. Berrill A comprehensive guide to the literature on the subject, and a lucid account of the 
author’s research, this unique appraisal is the culmination of a distinguished biologist’s 
lifetime investigations and observations. 576 pages, illustrated, $10.00 


PHYSICAL GEOGRAPHY OF ASIATIC RUSSIA 


by S. P. Suslov Extensive descriptions and indexes of the plants and animals of Asiatic Russia give 
this book special significance as a reference for biologists as well as geographers. 
608 pages, illustrated, $15.00 


PHYSIOLOGY OF REPRODUCTION 
AND ARTIFICIAL INSEMINATION OF CATTLE 


by G. W. Salisbury and N. L. VanDemark A study of the reproductive processes of cattle that 
emphasizes the problems of sterility and fertility as related to artificial insemination. 
Approximately 700 pages, illustrated, $12.50 


BIOLOGY: ITS PRINCIPLES AND IMPLICATIONS 


by Garrett Hardin This further evolution of Dr. Hardin’s widely hailed Biology: Its Human 
Implications will be ready in August, 1961. 


from your bookseller or 


W.H. FREEMAN AND COMPANY 660 MARKET STREET SAN FRANCISCO 4, CALIF. 
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HOW TO AVOID 
THE MOST COMMON 
CAUSES OF. 
PAPER CHROMATOGRAPHY 
FAILURE 







B-550 Formica lined. 
Two windows. 


C-305 Bench 
top model. 


A-125 Compact, 
Formica lined. 
Drawer, one window. 


| A-300_ Stainless 
| steel lined. 


Drawer, 


two windows. 








CHROMATOCABS* 


Cabinets for reliable two-dimensional chromatography 
must provide constant, uniform vapor saturation, and 
temperature stability, as well as ample paper and sol- 
vent capacity, good visibility into the interior, corrosion 
resistance, and levelling adjustment. 


The Chromatocab® line meets these requirements with 
several styles of cabinets. 


Three floor models @ each fully-temperature-insulated, 
vapor tight chamber holds 8 full-size sheets of filter 
paper in a saturated atmosphere @ ideal for two-dimen- 
sional chromatograms, ascending or descending @ all 
sheets visible through multi-pane windows @ solvent 
added without opening chamber. 


One bench-top model @ insulated, stainless steel lined, 
with double-pane windows @ combines advantages of 
cabinets and jars. 


With a cabinet full of valuable chromatograms, you'll 
want to dry them quickly and safely in the controlled air 
stream of the RSCo Chromatography Drying Oven e ad- 
justable temperature @ adjustable velocity @ adjust- 
able fresh air intake @ explosion proof motor @ all stain- 
less steel lined @ roll-out rack takes 10 full sheets of 
filter paper, and includes adapter for shorter sizes @ 
accessory shelves and observation window in door 
are available. 

Write for catalog of most complete line of chromato- 
graphic equipment and accessory apparatus. 


TWX: RICH CAL 1433 
Cable: ARESCO 











WES 200 SOUTH GARRARD BLVD. 


RESEARCH SPECIALTIES CO. Dept. s 


RICHMOND, CALIFORNIA 





















first name in Osmometry.... 






More laboratories have specified Osmometers 
from Advanced Instruments than from all other 
sources combined. 


PN eds .\, [od 1b) 






R OSMOMETERS 


The all-new 1961 Laboratory Model 31L 


© smaller 
fully-insulated bath 
5-year refrigeration 
push button operation 
more stable probes 


_* ADVANCED 


INSTRUMENTS, inc. 





@ Regional schools of Osmometry 










© Continuing service and complete 


parts for all earlier models 


@ Advanced uniform 6-Step instructions 
for all models 


Send for latest specifications today 





40 Kenneth St., Newton Highlands 61, Mass. 
Telephone DEcatur 2-8200 
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"From the hand of the veterinarian 


to research”® 


albino rats 
CHARLES RIVER CD* 


(Caesarean derived) 
CHARLES RIVER SD 
(Sprague-Dawley descendants) 
CHARLES RIVER W 

(Wistar descendants) 


HYPOPHYSECTOMIZED RATS 


@ Only Charles River CD‘animals used 


@Rigidly controlled environment 
(same bldg.) birth to surgery. 


@ High speed surgery by graduate biologists. 
@10 years experience animal surgery. 

@ Overnight air service from Boston 

* Trademark 


THE CHARLES RIVER BREEDING LABS 


Dept. B, 1018 Beacon Street, Brookline 46, Mass. 
Henry L. Foster, D.V.M., President 


CHARLES RIVER CD-1° 
(Caesarean-derived) S 





_ T 
EC Ci 
SWISS ICR E 
* Trademark 
Hypophysectomies available S 
THE CHARLES RIVER 
MOUSE FARMS S 


1018 Beacon St., Brookline 46, Mass., RE 4-2000 


LABORATORY RECORDER 


HIGH SENSITIVITY 
LOW COST 


MODEL #22700 
SERVO-GRAPHIC 
FEATURES RECORDER 


Pen travel 1 Second full scale RANGE: 0-10 MILLIVOLTS D.C. 
Accuracy 99% or better 0-100 MILLIVOLTS D.C. 
Photoelectric Chopper for long life 

Zener diode stabilized reference The Servo-Graphic Recorder is an 
voltage. ideal laboratory instrument. Put it 
Adjustable paper speeds to work and save a valuable tech- 
= for high impedance nician's time, O.E.M. users invited. 


Adjustable range control. Wine fer Nerature 


C.H. STOELTING CO. 


12” CHART SERVO RECORDERS 
MULTI-CHANNEL HIGH FREQUENCY OSCILLOGRAPHS 
POLYGRAPHS @ KYMOGRAPHS @ MANIPULATORS 


424 NORTH HOMAN AVE., CHICAGO 24, ILL. 
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NOW 


IN ONE 
VOLUME 


all the 


information 
you need on: 


AIRBORNE INFECTION 


TRANSMISSION AND CONTROL 


A new book by RICHARD L. RILEY, M.D., Professor of Environmental Medicine and 
of Medicine, The Johns Hopkins School of Hygiene and Public Health; and FRANCIS 
O'GRADY, M.D., M.Sc. Assistant Pathologist, Bland-Sutton Institute of Pathology, The 


Middlesex Hospital, England. 


This comprehensive, time-saving work, 
dedicated to William Firth Wells, a 
close associate of the authors, stresses 
the application of physical and biological 
principles to the study and control of 
airborne infection. 


FEATURES VALUABLE INFORMATION ON: 

¢ The evolution of our knowledge of air- 
borne infection * Analysis of the dis- 
tinguishing characteristics and epidem- 
iologic implication of airborne transmis- 
sion by different types of particles «> The 
discovery of droplet nuclei and the laws 
of their function * The behavior of dust 
and respiratory droplets * Selected stud- 
ies of control measures and their 
evaluation. 


Coming in September, probable price 
$6.50. 


RESERVE YOUR COPY NOW! Be one of the first 
to get this valuable, informative book. 





A VITALLY IMPORTANT TOOL FOR: 


Professional Groups in the fields of Pub- 
lic Health, Preventive Medicine, Sanitary 
Engineering, Internal Medicine, Epidem- 
iology, Hospital Administration, School 
and Hospital Architecture, and Indus- 
trial Medicine. 


Students of Hygiene, Preventive Medi 
cine, and Sanitary Engineering. 








potter rrr rrr rrr“ - - -- 
| THE MACMILLAN COMPANY | 
60 Fifth Avenue, New York 11, N.Y. Box FP7 | 
Please reserve my copy of Riley-O’Grady: AIR- ] 
| BORNE INFECTION, to be published in September 
at a probable price of $6.50. I will receive my copy | 
| as soon as stock becomes available, and I will be | 
| billed at that time. 
| 
| NAME. | 
| ADDRESS. | 
| 
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different 
ultraviolet absorption meters 
with new small optical 
chamber, only 0.15 mi. 


now available from 


) Model UV-254 
fj (Nucleotides) 


Model UV-265IF 








®@ Designed to indicate which test tubes 
in the fraction collector contain 
material of interest 


e Fit on the apparatus mast of the 





a 

=] 

a 

- 

> 

° r : : 

af |  Ghuteatites ~~ nied Fractionator directly above the 

es 50 \ mally affected by volumetric unit 

Ps formic acid) e Equi 4 with electrical tput t 

= uipped with electrical output to 

4 + oe operate a recorder 

o 

- e@ May be connected to any make of 
olZ fraction collector. 
* S$ & 8 & 8 & millimicrons 


Interchangeable interference filters make it possible for one ab- 
sorption meter to be used as either a UV-265IF or a UV-280IF. 


GILSON MEDICAL ELECTRONICS 


MIDDLETON, WISCONSIN ° 


On Madison's West Beltline Highway 











~ PORTABLE INFUSION-WITHDRAWAL PUMP 





Catalog No. 1100 


Small size and complete portability permit use in 
limited working space where flexibility of mounting 
is important. Pumping mechanism consists of a preci- 
sion-cut, stainless steel lead screw and moving carriage 
assembly. Limit stops automatically terminate pump- 
ing action at any pre-set point. Its special construction 
allows the pump to be placed in any position without 
impairing pumping action. 

The pump is designed to use interchangeable, 
plug-in motors which are synchronous and reversible. 
A wide variety of motors is available to produce any 
desired pumping rate. Motors are quickly inter- 
changed by the user with no tools required. 


SPECIFICATIONS 
@ Rates from 10 ml./min. to 0.00096 ml./min. 
@ Maximum reproducibility due to synchronous 
motors 
@ 110-120 volt A.C., 60 cycle operation 
@ Accepts standard Luer Lok syringes 
@ Noiseless in operation 
@ Size: 15” x 3” x 2”, exclusive of mounting handle 
@ Weight: under 4 pounds 
Pump complete with 1 motor ..... $135.00 


Extra motors, GACh «0/4005 $ 12.00 
Prices are f.o.b. Dover, Mass. 


Data Sheet 1100 and Catalog’ 1960-61 available on request 


HARVARD APPARATUS Co., INC. -« 


(a non-profit organization) 
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; faite | first in precision optics 


LEITZ 
FLUORESCENCE 
ILLUMINATING 
EQUIPMENT 





The accelerated interest in fluo- 
rescence microscopy in various 
fields of medical and industrial 
research has been made possible 
by the new fluorescence acces- 
—- sories. The source is a HBO 200 


Watt mercury vapor lamp. 





{15R60 


A reputation for integrity and a tradition of service have led thousands of scientific 
workers to bring their optical problems to Leitz. If you have problems in this field, 


why not let us help you with them? 














I 
] 
jE. LEITZ, INC. FP-6 | 
| 468 Park Avenue South, New York 16, N.Y. | 
See your Leitz dealer and examine these Please send me the Leitz brochure. ; 
Leitz instruments soon. Write for infor- | a ; 
mation. | 
| STREET, I 
CITY. ZONE. STATE 
uw 


E. LEITZ, INC., 468 PARK AVENUE SOUTH, NEW YORK 16, N. Y. 
Oistributors of the world-famous products of 
Ernst Leitz G.m.b.H.,Wetztar, Germany-—Ernst Leitz Canada Ltd. 
LEICA CAMERAS - LENSES: PROJECTORS . MICROSCOPES -: BINOCULARS 


).S.A. 
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SAVE up to 95% 


of your 


COSTS 


on 


RABBIT BIOLOGICALS 


plus 


Your Valuable Research Time! 





Let Us Supply Your Needs For 
RABBIT BIOLOGICALS 
Tissues - Glands - Organs - Serum 


Your enthusiastic response to our display at 
the Federation Meeting proved to us that 
you NEED this service! 


NOW you can devote your valuable time to 
your research! No need to waste hours ob- 
taining your biologicals from live rabbits. 


At Pel-Freez, rabbits are quickly dispatched 
and completely bled. The tissues you need 
are removed in a matter of minutes, placed 
under dry-ice cooling, and frozen. Safe arrival 
in frozen condition is guaranteed. 


Write Today for ... 
FREE BROCHURE 


PEL-FREEZ BIOLOGICALS, INC. 


Box 68F Rogers, Arkansas 
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TACONIC 
SWISS MICE” 





Send for 
booklet 


Produced only by 


‘TACONIC FARMS 


GERMANTOWN NEW YORK 











QUICK RELIEF FOR 
YOUR 
TISSUE PROJECT 


SAVE: 
e TIME 
e SPACE 
e MONEY 
e PERSONNEL PROBLEMS 


EXPERT WORKMANSHIP—PROMPT SERVICE 
WRITE YOUR NEEDS 


BAY HISTOLOGY SERVICE 


2904 OCTAVIA ST. 
SAN FRANCISCO 23, CALIF. 
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-| PICKER NUCLEAR 


goes all the way. .- offers first 


FULLY TRANSISTORIZED 
SCALERS AT SENSIBLE PRICES 


id for Among these new scalers, there’s one (oF more ) precisely 


yklet tailored to your need. Common to all are.-- 
all these operating advantages 


‘re fully transistorized ) 








all this counting prowess 
(because they 


greater operating stability 

greater long term stability 

no need for warm-up delay 
longer component life 


all-electronic decades 
is all-electronic timer (optional) 
‘preset count and preset time 


1 microsecond resolving time 


ana 1600, 3200, and/or 500 volt 
HV supply 
12 or 25 mv input sensitivity 
precision pulse height analyzeT 
or discriminator (optional ) 
automatic operation 
count and time read-out 


simplified controls 



















(optional) 


prompt delivery 


get details from your local a 
Picker representative, oF write “ WS) 


Picker X-Ray Corpora’ 
White Plains, New York 


AS 
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quality 


This symbol is backed by Allied Mills, Inc., one of the world’s oldest and 
largest exclusive manufacturers of poultry and animal diets. Years of 
experience are Combined with full scale research activities at the 
Research Center in Libertyville, Ill. This research and quality control 
assures investigators and commercial breeders of constant 
formulation, unchanged from batch to batch, so important 

to long term scientific projects. 

These are the quality tested Wayne Laboratory Animal Diets: Wayne Lab-Blox 
(for mice, rats, hamsters, monkeys) «+ Wayne Mouse Breeder Blox 

*« Wayne Guinea Pig Diet - Wayne Rabbit Ration » Wayne Dog Food. 


ALLIED MILLS, INC. 


110 N. WACKER DR. « CHICAGO 6G,ILLINOIS 
Laboratory Animal Diets Division 


“One of the world’s oldest and largest exclusive manufacturers of poultry and animal diets’ 
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TRI-R Joflon TISSUE 


HOMOGENIZERS 


® Interchangeable Teflon 
Pestles 


© Precision Bore Pyrex 
Glass Tubes 


© Notched for Quick 
Change Chuck 


© Complete Apparatus 
Avaiiable 


Homogenization is accomp- 
lished by shearing action as 
the tube is pushed up and 
pulled down the revolving 
pestle. Teflon reduces wear 
between pestle and tube and 
contamination from glass 
particles. Pestles and tubes 
can be autoclaved and are 
completely interchangeable. 


For bulletin write Dept. F71 


TRI-R INSTRUMENTS 


Developers of Electronic and Mechanical Instruments for Scientific Reseo 


144-13 JAMAICA AVENUE, JAMAICA 35, N.Y. 
























new 
england 
nuclear 






Cholic-carboxyl-C* 


$180 per 100 c 
$100 per 50 “c 


\_ 


Acid 


CATALOG ON REQUEST 


new england Chucleary corp. 


5 ALBANY STREET BOSTON 18, MAS 
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Measure PRESSURE 
TEMPERATURE 






AIR FLOW 


VELOCITY - DISPLACEMENT - FORCE — 


with PRECISION 


SANBORN TRANSDUCERS 


You can meet a wide variety of requirements 
from this broad selection of accurate, compact 
Sanborn Transducers. Series 267 and 268 Physio- 
logical Pressure Transducers are designed for 
either differential or single-ended measurements 
in such applications as cardiac catheterization and 
studies of circulatory, respiratory, esophogeal, 
spinal or gastric pressures. Two basic sensitivities 
are available: 1.0 or 0.1 mm Hg produces 1 cm. 
chart deflection. Model 270 Bi-Directional Differ- 
ential Gas Pressure Transducer permits measure- 
ments of small pressure changes (1 cm/0.5 mm 
H20) over a wide range with excellent linearity 
and low drift. Pneumotach heads for respiratory 
air flow measurements are available for use with 
the 270. Excellent stability and temperature com- 
pensation also make the Model 270 particularly 


MEDICAL 


SAN BORN™N 





suitable for plethysmography applications. 


Model 760-53 Calibrated Temperature Bridge and 
a variety of interchangeable thermistor probes 
are available for use with any Sanborn Carrier 
Preamplifier for accurate recording or monitoring 
of physiological temperatures with full scale sen- 
sitivity of 1°C and 2.5°C. 


In addition, Sanborn offers pneumograph and 
pulse waveattachments, heartsound microphones, 
linear velocity and displacement transducers, and 
transducers for force measurements in myo- 
graphic studies. For complete information con- 
tact your nearest Sanborn Branch Office or 
Service Agency —or write Manager, Research 
Instrument Sales, Medical Division. 


DIVISION 


COMPANY 


175 WymanSt., Waltham 54, Massachusetts 
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We are proud to present an entirely new line of 


EQUIPMENT FOR PHYSIOLOGICAL RESEARCH 


Always 
have 
the 
Finest 


on 


Hand 


ANESTHESIA BOX 


for cats and monkeys. Ether applied 


from the outside while animal is under 


continual observation. Made from alu- 
minum and plastic. Easily Cleaned. 





RHESUS MONKEY CHAIR 


Compact and yet easily adjusted for 


various size animals. Monkey is placed 
in and out quickly. Can be fitted with 
attachment to hold Squirrel monkey. 


Write for 
detailed 
literature 
about these 
and other 


products. 


ANIMAL BOARD 
& CONTROLLED HEATER 


Clamps, Head Holder, holder for stereo- 
taxic. All are easily and manually ad- 
justed. Shielded Heater, thermostatically 
controlled, Thermostat can be placed 
conveniently in or on animal. Board is a 





one piece aluminum casting, 


F & H MACHINE CO., INC. 


14 Oak Ridge Lane, 





SAVE STEPS... TIME... MONEY... 


Take water to working area for 
rapid-filling with this new 


WATERING GUN! 









Operates on pressures a hose will han- 
dle—simple adjustment regulates flow. 
Each bottle is taken off the cage, re- 





filled and replaced quickly and effi- Model A 
for hanging 


on bolt 


Model B 
for hanging 


ciently. Prevents exchange of bottles 
on frame 


between cages, eliminating one source 
of contamination. 


WRITE FOR BROCHURE AND PRICES NOW! 


CAMM RESEARCH INSTITUTE, INC. 


> NOj,, 414 BLACK OAK RIDGE ROAD 
= = WAYNE, NEW JERSEY 


OX 4-0703 | 


FARM 


Albertson, L.1., N. Y. 











Radioactive Compounds 





W 


Limited supplies of radioactive cor- 
tisone, hydrocortisone and corticosterone 
(Compound B) are available to quali- 
fied investigators. All are labeled at po- 
sition 4 with C™ and are dissolved in 
benzene and methanol. Specific activ- 
ities of al] compounds are high. There 
is a service charge of $5. per ampoule 
for handling and mailing. 


Requests, in the form of a letter con- 
cisely describing the proposed research, 
should be sent to 


Endocrinology Study Section 

Division of Research Grants 

National Institutes of Heal:h 
Bethesda 14, Maryland 


Transfer and use of these materials are subject 
to current Atomic Energy Commission regulations. 
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2] ONLY LOURDES 


OFFERS GREATEST SELECTION OF 
SUPERSPEED CENTRIFUGES.. 
EXACTLY SUITED TO YOUR NEEDS! 


RCF to 68,000 x G e Most efficient Refrigeration 
System e Automatic rotor acceleration e Electric 
Braking e Superspeed vacuum centrifugation e 
Simplest Continuous Flow System e Unsurpassed 
g capacity. 

iis Select from the industry's widest line of superspeed centrifuges, 


ad- rotors and accessories. 


ly 
red 
isa 


SOME OF THE MOST POPULAR LOURDES MODELS 


See 

















LCM-1 


























Mail coupon for complete line catalog | ta yeaa ia ame ee _— 
Be sure ... and choose Lourdes centrifuges pi 
Title. 
LOURDES INSTRUMENT CORP. | fiw cctnsius Par 
Division of Labline, Inc. | Address. eee 
656 Montauk Ave., Brooklyn 8, New York Hl City. Zone State | 





VISIT BOOTHS-14-15 
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4 Tube Model 
Showing Use With 
Different Size Tubes 


2 Tube Model 


Instant Controlled 
Thorough Mixing 
in tubes of many 


sizes with the 


WORK UTE2K 
[MTD ESLER 


ELIMINATES HAND MIXING... 
SAVES TIME... INCREASES ACCURACY! 








Individual 3-speed control for each tube. 
Simple, one-hand insertion or removal of tubes. 
Eliminates stoppers, rods, or finger capping. 
Accommodates tubes up to 25 mm. diameter, 
up to 200 mm. long. 


ADAPTABLE TO ANY MIXING PROCEDURE 
IN TEST TUBES OR CENTRIFUGE TUBES 


Here at last is a simple method of 
eliminating the drawbacks of hand mixing. 
Avoid contamination and loss from rods 
or stoppers. Avoid skin irritation 

and inaccuracies from finger capping. You 
will be amazed and delighted at how 

easy it is to obtain fast thorough mixing 
with the patented VORTEX MIXERS. 
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Ask your Laboratory Supply Dealer for particulars, or write to: 


Scientific Industries Inc. 
DEPT. FP-7 e@ 15 PARK STREET e SPRINGFIELD 3, MASSACHUSETTS 


SEE OUR EXHIBIT—NATIONAL CHEMICAL EXPOSITION—CHICAGO SEPT. 5-8 


Simple to Operate 


Insert tube in neoprene cup 
Snap tube into clip 

Flip switch 

Vortex rises, and mixing 
starts immediately ! 
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FOR THE VERY BEST 


ACRYLIC ANIMAL CAGE 


SPECIFY THE ORIGINAL... 
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Keystone Cages are designed and built by the originators of the acrylic 


plastic "Mouse House" and other cages for experimental laboratory animals. 


Discriminating users depend on the constant research and close contact with 
field developments that enable the "Keystone" experts to produce the most 


modern equipment. 


Kegstone Cages Wik... 


SPEED RESEARCH - clear, plastic walls permit 
daily cage inspection, aid observation of rodent. 
The false mesh bottom speeds metabolism tests 
and keeps the animal clean. 


STAY CLEANER - lower portion of cage is free 
from crevices and corners. Cleaning involves only 
brushing the surfaces with hot soap suds and 
rinsing in hot water. Body acids and urine do not 
affect plastic cages. We recommend our HYTRON 
as a cleaner and safe disinfectant. 

LAST LONGER - unlike the usual wood and metal 
cages which are useless for skilled research after 
the first year, our acrylic plastic cages seem to 
improve with age. After three years’ continuous 
service at leading biological labicubalen the 
plastic “Mouse House" still shows no wear. 


STAY SAFER - because the slow changing tem- 
peratures of smooth plastic protect rodents against 
drafts and sudden temperature changes, thus 
drastically reducing the mortality rate. 


BE VERMIN PROOF - the plastic "Mouse House" 
automatically eliminates the outside enemies to 
highly technical research. 


SAVE ON COSTS - by comparison with utility 
value of other cages. With only reasonable care 
in handling, these cages will last indefinitely thus 
making them more economical. 


FOR YOUR COPY OF CATALOG F OR TECHNICAL 
INFORMATION ABOUT YOUR PROBLEM ADDRESS 
YOUR INQUIRY TO 


KEYSTONE PLASTICS COMPANY 





Specialists in Scientific Plastic Processing @ 


701 Painter Street, Media, Pennsylvania 
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LEA & FEBIGER BOOKS 


Soffer, Dorfman and Gabrilove— 
The Human Adrenal Gland 


By Louts J. Sorrer, M.D., F.A.C.P., Attending Physician and 
Head of E ndocrinology, The Mt. Sinai Hospital; Clinical Pro- 
fessor of Medicine, State University of New York College of Medi- 
cine in New York City; Raupeu I. Dorrman, Ph.D., Director of 
Laboratories, Worcester Foundation for Experimental Biology, 
Shrewsbury, Massachusetts; and J. Lester GaBRILOvE, M.D., 
F.A.C.P., Associate Attending Physician, The Mt. Sinai Hospital; 
Clinical Associate Professor of Medicine, State University 0’ New 
York College of Medicine in New York City. 
illustrations and 1 plate in color. New. Just ready. 


NEW 1961 BOOK. Anatomy, physiology and chemistry of adrenal 


hormones, and diagnosis and treatment of diseases of the adrenal 
glands, are detailed. Emphasis is on clinical aspects, but theoreti- 
cal and practical viewpoints are included. 


Noble and Noble—Parasitology 


The Biology of Animal Parasites. By Eimer R. Noste, Ph.D., 
Professor of Zoology 
fornia, Santa Barbara; and GLENN A. Nose, Ph.D., Head, Bio- 
logical Sciences Dept., California State Polytechnic College, San 
Luis Obispo. 767 pages. 1662 illustrations on 424 figures and 3 
plates in color. New. $11.00. 


NEW 1961 BOOK. Non-clinical in approach, this up to date text 
presents animal parasitology as an intriguing field in its own right. 
Reproduction, growth, evolution, ecology and distribution are 
taken up fully, as are parasite host relationships. 


Wintrobe—Clinical Hematology 


By Maxwe ut M. Wintrose, M.D., Ph.D., Professor and Head of 
the Department of Medicine and Director, Laboratory for the 
Study of Hereditary and Metabolic Disorders, University of 
Utah, College of Medicine, Salt Lake City. About 1175 pages. 256 
illustrations, 19 in color. New Sth edition. Just ready. 


NEW 1961 EDITION. The entire field of hematology is covered 
fully in this widely accepted book. The thoroughly revised new 
edition includes such recent advances as erythrokinetics, leuko- 
kinetics, and current treatment of blood diseases. Reset in double 
column format. 


Levinson & MacFate—Clinical Lab. Diagnosis | 


By Samvue. A. Levinson, M.D., Ph.D., Director of Labora- 
tories, U niversity of Illinois Research and E ducational Hospit: als, 
Chicago; and Ropert P. MacFarr, Ch.E., M.S., Ph.D., Chief, 

Division of Laboratories, Board of Health: Chic ago. About 1200 


pages. 250 illustrations and 11 plates in color. New 6th edition. Ready 


in September. 


NEW 1961 EDITION. Brought completely up to date, this book | 


presents basic anatomy, physiology and clinical symptoms, as 
well as an abundance of material helpful in solving problems of 
pathologists. 


LEA & FEBIGER 


Please enter my order and send me: 


Washington Square 
Philadelphia 6, Pa 


O Soffer, Dorfman, Gabrilove—Adrenal Gland... .Just ready 
O Noble and Noble—Parasitology 
O Wintrobe—Clinical Hematology 


O Levinson & MacFate—Clin. Lab. Dis agnosis 


Just ready 
September 
© Check enclosed Bill me at 0 30, 0 60. 0 90 days O Easy pay’t plan 


(We pay postage if remittance in full accompanies your order) 


NAME 





ADDRESS 
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FP 7-61 
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About 600 pages. 79 | 


and Vice Chancellor, University of Cali- | 


$11.00 | 





WAHMANN 


Designers and Manufacturers 


| LABORATORY 


ANIMAL CARE EQUIPMENT 








LC-109 


REAR DRAINING 
DOG OR MONKEY CAGES 





Cages * Racks « Cage Systems - Food Bins 
Food and Water Devices ° Sterilizers 

Scales - Operating and Autopsy Tables 

Stainless Drinking Tubes - Activity Cages 


Write for Our Complete Catalog 


cco. 1. WAHIM ANN ure. co. 


| 1123 E. BALTIMORE ST., BALTIMORE 2, MD. 
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Newest Equipment 
for 


Fluorescent 
Microscopy 


The rapid, microscopic technic 
for identifying microorganisms 
and antigens in tissue. 





Microscope with illuminator 


Illuminator and power supply 


OUR 100TH YEAR 





Aloe Scientific now offers 
as a complete package the latest 
equipment and reagents necessary 
for fluorescent microscopy. 
These basic assemblies permit 
the most versatile application 
possible. 

With the new procedure, 
specific antibodies formed in the 
tissues can be tagged or labeled 
with fluorescent dye so they will 
glow under ultraviolet 
light. This technic has aided in 
much faster identification of 
pathogenic and nonpathogenic 
microorganisms, and greatly 
speeded up diagnosis of a 
wide range of diseases. 


Modifications of the AO 
Phasestar microscope make it 
ideal for fluorescent study, in 
addition to phase, bright field 
and photomicrography. If 
desired, your present microscopic 
equipment may be converted 
for fluorescence by interchanging 
and adapting objectives and 
accessories suggested. 


To determine the exact equipment 

you need, write today for descriptive 
bulletin FM-459 and complete 
bibliography on fluorescent microscopy. 





aloe scientific. owision os. ator company 


General Offices 


5655 Kingsbury « St. Louis 12, Mo. 
FULLY STOCKED DIVISIONS COAST-TO-COAST 
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NEW stanparp oF Quality 


A PRIZE WINNING PACKAGE* 


IN 


SELECTED 


S . C) MICROSCOPE 


SLIDES 





‘GUARANTEED?! 


PRE-CLEANED | 


Erie Scientific’s 25 years experi- 
ence in the manufacture of micro- 
scope slides, combined with recent 
technological improvements and 
rigid quality control, has resulted 
in a product of superior quality 
and unimpeachable cleanliness. 


TIME SAVING! MONEY SAVING! 


Technicians enjoy the convenience and speed of using 
Esco PRE-CLEANED slides just as they come from 
the box .. . eliminating the tedious cleaning or 
advance preparation required for inferior grades. Most 
find it saves time and money never to wash used slides, 
but to use fresh Esco slides every time. 


ADDITIONAL QUALITY FEATURES 


@ Cellophane-wrapped hinged-top dispensing box 
with lint-free lining. 

Made from finest American sheet glass. 

Thin, flat, highly resistant to corrosion or fogging. 
Annealed to minimize chipping and breakage. 
Individually selected to eliminate imperfections. 
Precision ground edges for accurate uniformity. 


For further information on ESCO SLIDES and COVER 
GLASSES, write for Brochure *11. 








* National Paper Box 
Manufacturers award 
for ‘BEST END USE 

PERFORMANCE” 


SEE THIS CONVINCING TEST 


An ESCO pre -cleaned 
slide dipped in water 
will consistently show an 
EVEN film on both sides. 
Other slides often show 


| 

x. 
a film which breaks into 
droplets, rendering them 
unsuitable for use, with- 
out costly time-consum- 


ing cleaning. 











ESCO ORDINARY 
SLIDE SLIDE 
This test, performed during routine inspection 


by our quality control department, assures that 
Esco slides are free from oily film. 


tSatisfaction guaranteed or merchandise replaced. 


ERIE SCIENTIFIC ° BUFFALO 10, NEW YORK 











ULTRAMICRO CHEMISTRY FOR 
A MODEST INVESTMENT... 


Model 151 Spectro-Colorimeter 


Combination spectrophotometer- 
colorimeter with continuously vari- 
able wavelengths, 400 to 650 mu. and 
15 mu bandwidth. Equipped with 0.1 
ml flow-through cuvette. Adapters for 
use with standard macro cuvettes 
also available $475.00 







Model 152 Microfuge 





Miniature table-top centrifuge sedi- 
ments blood cells in less than 60 
seconds. Automatic shut-off timer. 
Occupies 7” by 7” table space; stands 
only 9” high. Price includes 1,000 
microtest tubes. ...... $155.00 
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Model 153 Microtitrator 





Exceptionally precise burette, accu- 
rate to +0.01 yl throughout full 
range. Volumes read directly on large 
dial face. Press of a button rezeroes 
dial pointer after each titration. Built- 
in vibrating stirrer for rapid mixing 
and precise end points. . . $248.00 













The inexpensive way to install a 
small-sample service in your lab- 
oratory is to purchase basic com- 
ponents of the Beckman Ultramicro 
Analytical System one at a time. 
With just the precision Microtitrator 
and two sets of volumetric ware, 

for example, you are prepared to 
run calciums and chlorides on 
drop-size samples of blood. 


Start out with the compact, trans- 
istorized Spectro-Colorimeter, and 
you have your choice of any of 

the available photometric analyses. 
Other components can be added 

as needed. 


No matter how you begin—either 
with a selected group of components 
or the complete Beckman/Spinco 
Ultramicro Analytical System, you 
get easy-to-operate instruments 

that make accurate determinations 
of small volumes a routine matter. 


For more information on this 
economical approach to ultramicro 
chemistry, write Spinco Division, 
Beckman Instruments, Inc., 
1117 California Ave., Palo Alto 6, 
California. 








Model 154 Micromixer 





Controlled vibration assures rapid 
and thorough mixing of test-tube 
contents. Tubes can be mixed singly 
or five at a time simply by press- 
ing a button. The shut-off timer is 
automatic $75.00 
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Beckman: 





Model 150 Ultramicro 

Analytical System 
Spectro-Colorimeter, Microfuge, 
Microtitrator, Micromixer, and ten 
clinical tests, complete with micropi- 


pettes and chemicals and an Ultra- 
micro Instruction Manual . $1,560.00 


Spinco Division 
Beckman Instruments, Inc. 
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Ot to get 


mouse breeder chow!" 


Purina Mouse Breeder Chow was developed espe- 
cially for mouse breeder colonies. In our own 
laboratories, this improved ration increased aver- 
age litter size to 12 young per litter (ICR strain). 
Offspring may be weaned at an earlier age (15 to 
18 days) permitting the female a longer recovery 
period before the next litter. Ingredients are labo- 
ratory controlled to assure uniform nutrition and 
constant high quality. Get fresh supplies in any 
desired quantity by calling your local Purina 
Dealer. Or write H. A. Graff, Ralston Purina 
Company, St. Louis 2, Missouri. 


PURINA LABORATORY CHOWS 


5 special rations for all laboratory animals 
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NEW Buchler 
POLYBURETTE 





NEW VERSATILE 
Laboratory Aids to 
SAVE TIME AND LABOR 






BUCKLES 
INSTRUMENTS 














For dispensing a variety of six substances with 
an independent burette for each material. 


Eliminates need for intermediate rinsing of the 
burette when different reagents are used simul- 
taneously for multiple titrations. 


Built-in magnetic stirrer © Illuminated back- 
ground facilitates reading. 


Interchangeable burettes for deliveries from 
0.001 ml. to 1.0 ml 


All glassware can be easily sterilized. 


$194.00 
Request Bulletin F2-2600 








FRACTION 
COLLECTORS 


for every program and budget 


30 different models, including CON- 
TINUOUS (for long term or overnight 
us2), SECTIONAL (for processing dur- 
ing fraction collecting) and, shown 
below, 


REFRIGERATED ... the mobile 
cold-room, refrigerated from 
column to collecting tubes. 


On casters. 


Glassware and 
turntable 
temperature- 
controlled. 


Fraction 
collectors 
removable for 
all-purpose 
cold-room 
work. 


Now Available! 
U-V MONITOR 


ATTACHMENT 
for rapid compound identification 


ADAPTABLE TO ALL 
FRACTION COLLECTORS 


For complete description of all Fraction Collector 
models, write for Bulletin F3-4000 





son (CAP ANO BULB REMOVABLE MANIFOLD 
BRIDGE ASSEMBLIES (10) 


WHEN TIMER STOPS 
AUTOMATICALLY, 
RECORD SECONDS 


SET ADJUSTABLE POINTER 
TO 10 DIVISIONS ABOVE 
INDICATING POINTER 


RESET TIMER 
TO ZERO 








VIBRATION CONTROL 


Evaporate multiple fraction 
cuts directly from test tubes 
in 10-20 minutes! 


Buchler Rotary 
EVAPO-MIX 


..-For the rapid and simultaneous 


| 9} ® 
PLACE SAMPLE = TURN SWITCH TURN SWITCH SELECTED 
ité POSITION TO "ADJUST" (No!) TO“TITRATE"(No.2) TITRATION RANGE 
IF IT HAS AN END POINT .. . The 
CHLORIDOMETER 


WILL FIND IT MORE 
QUICKLY, ACCURATELY, 
AUTOMATICALLY! 

In 6 Steps and in Less Than 60 Seconds 
DIVERSIFIED NOW FOR ALL 
CHLORIDE TITRATION APPLICATIONS 
PRICE: Complete, ready for operation $498.00 
Request Bulletin F4-2000 





evaporation under controlled temper- 
ature and vacuum of samples collected 
from a chromatographic column, cen- 
trifuge tubes, or by solvent extraction. 
Price complete $436.00 
Request Bulletin F3-2100 for 
details 
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Buchler 


WATER BOOSTER 


For laboratories in areas with low 
or uneven water pressure 
RAISES AND HOLDS PRESSURE AT 
40 psi... Provides 2 Independent 
and Powerful Aspirators 
NOISLESS »* CONTINUOUS 
¢ NO MAINTENANCE OF 
REPLACEMENT PARTS 
Complete $249.00 


Request Bulletin F2-9000 










FLASH EVAPORATORS 


For the evaporation of aqueous solutions, high boiling point solvents, strong acids, 
alkalis and radiactive materials without contaminating back-drip. 





FEATURES ¢ Glass-to-glass connections iy 
out the evaporating system prevent any pagga 

of contamination. Distillation occurs only with 
glass. ¢ Balanced design permits smooth Bh 
without drag and larger output without loss of 
material. « High torque, totally enclosed motor. 
¢ Build it up with accessories for large scale work 
and temperature control. « Grows with your re- 
quirements. ¢ Unit can in easily taken apart for 
cleaning. © Prices start from $129.35. Basic unit 
not illustrated. 


PORTABLE 
MODEL 


U.S PATENT 2,865,445 





U.S. PATENT 2,865,448 
UNIVERSAL MODEL 

Standard equipment in most laboratories. Pre- 
ferred for permanent installations and for heavy 
duty operation, but with all basic features of 
Portable Model. For continuous or batch opera- 
tion, with easy conversion from one to the other, 
Model FE-2 Batch $215.50. Model FE-2C for con- 
tinuous operation $330.00. 


Request Bulletin F-FE-1000 for details. 








Immediate delivery, all prices F.O.B. Factory. All prices subject to change without nofice. 





514 W. 147th STREET, N. Y. 31, N. Y. 


GE» | Laboratory Apparatus | BUCHLER INSTRUMENTS, INC. 
Ga i Precision Instruments 


ADirondack 4-2626 








looking for a good fraction collector? 


wd 
ee By 


here’s a quick check list of things to look for... 



























ally automatic? 


t it up, come back later, find 
One, results waiting 


ct up to 200 samples? 


eds of small fractions give sharper 
brentiation, higher resolution 


a few drops to 28cc? 


olume-versatility to handle the full 
range of cutting problems 


h a choice of two methods? 


time/flow or routine work, or drop- 
counting for critical accuracy 


dem rig for doubled output? 
hurries up things when you need results 
TECHNICON T/F FRACTION COLLECTOR 


fitted with a tandem rig to 
double collecting output. 





ntinuous progress totalizer? 


shows you at any time exactly how far 
sampling has progressed 


above all 


n you depend on it? 


has it a proven-in-use record which 
guarantees soundness of design, rugged- 
ness of construction 





ou do not o look further. The Technicon Fraction Collector, not only 
alifies oy y point above, but on practically any other you can think of. 
s auto collector has an unmatched record in hundreds of laborato- 
he over. And that’s important... because a poor collector that’s 

do br repairs can clog rather than expedite your work load. 


~technicon 
Wockanized fraction collection 


There’s much more you should know about this time-and-labor saving 
instrument. Write today for brochure. 


TECHNICON CHROMOTOGRAPHY CORPORATION 
CHAUNCEY, NEW YORK 
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THE HEMICHOLINIUMS! 





Introduction 


F. W. SCHUELER, Chairman 


Department of Pharmacology, Tulane University, New Orleans, Louisiana 


ee is a coined term, denoting a group 
of hemiacetals containing a choline-like moiety. These 
products are characterized by high toxicity that is slow 
in onset at minimal lethal doses. The pattern of toxic 
action reveals interference with cholinergic transmission 
at such sites as nerve-skeletal muscle junctions, autonomic 
ganglia, and postganglionic parasympathetic endings. 
One hemicholinium in particular, Hemicholinium 
No. 3 (HC-3 Schueler, 1955), has been rather widely 
studied by a number of investigators, a few of whom 
are delivering papers in the present symposium. 
Because very considerable work has been done since 
this subject was last reviewed (actually reviewed in 1958, 
though printed in 1960—(2)) the contributors to the 
present symposium have made every effort to develop 
the subject in an up-to-date way by including not only 
their personal work, but also that of investigators not 
participating in the formal presentations. 
A number of problems concerning the hemicholiniums 
in general, and HC-3 in particular, have not been fully 
1 An Intersociety Symposium held in Atlantic City, N.J., April 
II, 1961. 
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resolved, and it is hoped that this symposium may 
increase our understanding of some of these. 

Three outstanding questions are the following: 7) 
What are the most sensitive sites (the primary targets) 
of hemicholinium action? In particular, to what degree 
is activity presynaptic in locus, postsynaptic, or both, 
and how are these clearly distinguished? 2) How are the 
reported C.N.S. effects of hemicholinium distinguishable 
from the peripheral effects? 3) How specific are the 
chemical structural features for hemicholinium-like 
action? 

Certainly the foregoing, as well as many other or 
related questions, will come to mind as the symposium 
progresses. 

In closing, the chairman wishes to point out that 
HC-3 has been found to be a useful tool in the investiga- 
tion of cholinergic mechanisms, and—as the usefulness 
of any tool ultimately depends upon the worker’s 
thorough knowledge of its attributes—it is to this end 
that the present symposium has been designed. 


REFERENCES 


1. SCHUELER, F. W. J. Pharmacol. Exptl. Therap. 115: 127, 1955. 
2. SCHUELER, F. W. Intern. Rev. Neurobiol. 2: 77-96, 1960. 











Effect of HC-3 on acetylcholine turnover' 


F. C. MacINTOSH 


Department of Physiology, McGill University, Montreal, Canada 


—_— PAPER Of 1955 (33) identified the hemi- 
choliniums as a group of synthetic choline derivatives 
which possessed an unusual type of molecular structure 
and a kind of toxic action that had not been described 
before. Chemically the hemicholintums were char- 
acterized by the possession of a choline moiety cyclized 
through hemiacetal formation. Pharmacologically their 
most striking characteristic was their ability to cause 
respiratory failure. It was clear that, in exerting this 
effect, the hemicholiniums were not acting like the 
familiar neuromuscular blocking agents or like ordinary 
narcotics. For in the first place, a just lethal dose pro- 
duced respiratory failure only after a latent period 
lasting many minutes, or even hours, according to the 
species; and the length of this latent period was not 
much shortened by doubling or quadrupling the dose. 
In the second place, the respiratory failure was not 
accompanied by generalized neuromuscular block or, 
indeed, by any other obvious pharmacological effect, 
unless the dose was far above the LDs». And in the third 
place, the respiratory depression was antagonized 
powerfully by eserine and even more strikingly by 
choline. 

These and other observations amply documented 
Schueler’s conclusion that the primary toxic action of 
the hemicholiniums was directed against some pathway 
involved in the control of the respiratory muscles. 
Schueler proposed further, on the basis of evidence that 
seems now to be of doubtful significance (17, 34), that 
the locus of respiratory failure was in the spinal cord. 
Beyond that proposal he did not speculate at length, 
but he did point out that some features of hemicholinium 
toxicity recalled the effects of tetanus or botulinus toxin, 
and he suggested that a cholinergic mechanism was 
involved. 

An obvious possibility, which had occurred to 
Schueler although he did not state it explicitly in his 
paper, was that the hemicholiniums were acting as 
potent and specific inhibitors of acetylcholine (ACh) 
synthesis. Up to that time no drug with such an action 
had been identified, although Burgen and his co-workers 
(7), soon afterward, published a study of the substrate 


1 With support from the National Research Council of Canada 
and the Defence Research Board of Canada. 
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specificity of choline acetylase; in it, they showed that a 
number of quaternary bases were moderately active in 
slowing the acetylation of choline by systems containing 
dissolved choline acetylase and acetyl-coenzyme A 
(CoA). My colleagues and I at this time were interested 
in the possibility of inhibiting ACh synthesis pharmaco- 
logically, because we were studying the turnover of 
ACh in sympathetic ganglia and cerebral cortex, and we 
thought that a specific inhibitor of its synthesis would 
be a useful tool. We also thought that the phar- 
macological effects of such a drug might correspond very 
well to those Schueler had described for the hemi- 
choliniums. A drug whose only action was to stop ACh 
synthesis would not produce an immediate failure of 
transmission at cholinergic junctions, for block would 
only develop when most of the ACh already present in 
the nerve endings had been used up. Furthermore the 
length of the latent period before the onset of block 
would not be very sensitive to the dosage of the drug: it 
would be mainly determined by other factors, namely 
the frequency of excitation, the amount of ACh initially 
present in the nerve endings, the proportion of this ACh 
released by each arriving impulse, and the initial safety 
factor for transmission (i.e., the excess of transmitter 
action above what was necessary to elicit a conducted 
postsynaptic response). On this basis, the respiratory 
pathways, because of their incessant activity, would be 
especially susceptible to paralysis. One would expect 
choline to be an antidote, because it would promote 
ACh synthesis in the presence of a competitive inhibitor, 
whereas eserine would also be an antidote, but because 
it would increase the effectiveness of ACh released in 
suboptimal amounts. With these ideas in mind, we 
were very pleased when Dr. Schueler gave us a generous 
supply of his hemicholinitum compound no. 3, now 
usually referred to as HC-3. 

Our results with the cat’s superior cervical ganglion 
were unequivocal, and, as my co-workers and I have 
reported them in some detail elsewhere (2, 19-21), I 
need only summarize them briefly here. You will recall 
that this smail structure is most convenient for studying 
ACh metabolism: first, because it has a high density of 
cholinergic synapses, which can be activated at any 
desired frequency by appropriate stimulation of the 
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preganglionic trunk; and, second, because its circulation 
can be completely isolated for perfusion experiments. 
After inactivation of the ganglionic cholinesterase, the 
ACh released by stimulation is quantitatively recovered 
in the venous effluent and can be measured by bioassay; 
and, at the end of the experiment, the ganglion can be 
extracted for assay of the residual ACh. The initial ACh 
content may be estimated by extracting the unstimulated 
ganglion of the opposite side, since the two ganglia have 
practically the same resting ACh content. With reason- 
able care, all the estimations I have mentioned can be 
made with an accuracy of about 5%, and, since one can 
measure the change in ganglionic ACh content as well 
as the total amount of ACh discharged, one can calculate 
how much ACh has been synthesized in each experiment. 

In the absence of HC-3, a perfused and eserinized 
ganglion will synthesize ACh even at rest (2), but the 
rate of synthesis is greatly accelerated by preganglionic 
stimulation, which releases ACh from the ganglionic 
depots. If the perfusion fluid is plasma, or Locke’s 
solution supplemented with choline, synthesis in a 
stimulated ganglion is always adequate to keep up with 
release, and the ganglion actually increases its content of 
ACh while the ganglion is being stimulated (Figs. 1 A 
and 2). If the perfusion fluid is choline-free, some 
synthesis occurs, but not enough to keep up with the 
output, which declines progressively until it matches the 
low rate of synthesis; there is a corresponding reduction 
in the ganglion’s content of ACh (Figs. 1 B and 2). The 
addition of HC-3 (2 X 107° M) to the perfusing plasma 
or Locke’s solution almost completely deprives the 
ganglion of its capacity to synthesize ACh: in conse- 
quence both ACh output and ACh content decline to a 


rin. 


myg/min 


FIG. 1. Rate of ACh discharge 
from perfused, eserinized ganglia 
during prolonged preganglionic 
stimulation (supramaximal, 20/ 20 
sec, for 1 hr). Each curve is 
mean from 5 experiments. Per- 
fusion fluids gassed with Oz: 
lower initial ACh output with 
plasma perfusion was due to ° 
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very low level (Figs. 1 C, and 1 D, and 2). These effects 
of HC-3 can be prevented or reversed by adding an 
excess of choline to the perfusion fluid. 

HC-3 has no direct effect on the ability of the ganglion 
to release ACh, as is shown by the fact that the initial 
output of ACh is the same in its presence as in its absence; 
neither does it interfere with the action of ACh on the 
ganglion cells or with conduction in either pregan- 
glionic or postganglionic fibers. One would therefore 
expect that it would have no effect on the transmission 
of impulses through the ganglion unless the ganglion’s 
store of ACh had been depleted by the arrival of a long 
series of preganglionic impulses: its action, in other 
words, would be presynaptic, and secondary to its 
capacity to inhibit ACh synthesis. Figure 3 shows that 
this expectation is realized: it is the record of a typical 
experiment in which the response of the nictitating 
membrane served to indicate the proportion of impulses 
reaching the periphery; in this test the ganglion was 
neither perfused nor eserinized. In the presence of 
HC-3 the response to postganglionic stimulation at 20 
per sec could be maintained indefinitely, but the re- 
sponse to preganglionic stimulation began to fail within 
5 min and was, eventually, almost completely extin- 
guished. When conduction in the ganglion had been 
blocked in this way, it could be partly restored by rest, 
or by reducing the frequency of stimulation (Fig. 3), or 
by injecting a dose of choline that, by itself, was too 
small to affect the ganglion or nictitating membrane. 
Thus, the effects of HC-3 on transmission through the 
ganglion corresponded well with its effect on the ACh 
metabolism of the ganglion. It seems, indeed, that with 
ganglionic junctions, one can satisfactorily account for 
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Fic. 2.. ACh turnover in perfused, eserinized ganglia. Same 
experiments as Fig. 1: J = initial ACh content of ganglion; F = 
final ACh content (after 1 hr’s stimulation); O = total output of 
ACh during stimulation; § (=O+F-—J) = ACh synthesized 
during stimulation. 


PRE: BEFORE HC-3 


PRE: AFTER HC-3 
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POST: AFTER HC-3 


5 min 
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FIG. 3. Response of nictitating membrane of cat to preganglionic 
and postganglionic stimulation at 20/sec: HC-3, 2 mg/kg, given 
intravenously before each of 2 lower records; upper record made 
before administration of HC-3. At arrow, in middle record, stimu- 
lation frequency reduced to 5/sec. 


the effect of the drug on transmission without having to 
postulate any other mode of action than its observed 
ability to inhibit ACh synthesis. We have observed that 
other peripheral autonomic pathways are similarly 
affected by HC-3: that is to say, they also exhibit junc- 
tional block, but only when the traffic of nerve impulses 
is heavy and prolonged. Schueler’s (33) early results 
suggested that the parasympathetic pupilloconstrictor 
pathway is affected in this way by HC-3, and the same 
appears to be true of cardiac vagal (21), chorda tympani 
secretory (21, 36) and splanchnic-adrenomedullary (36) 
pathways. Recently B. C. R. Strémblad and P. E. 
Dresel (personal communication), at the University of 
Manitoba, have made similar observations with respect 
to the postganglionic vasodilator fibers supplying the 
parotid gland: an interesting finding, because this 
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atropine-resistant innervation kas been suspected of 
being noncholinergic. Last, among autonomic junctions 
affected by HC-3, I ought to mention the remarkable 
results recently described by Rand and Chang (10, 28). 
Here the combination of HC-3 and repetitive stimulation 
was found to lead to delayed block in certain pathways 
which, by the classical tests, would be regarded as 
adrenergic, rather than cholinergic. The authors inter- 
pret their findings in terms of the hypothesis of Burn 
and Rand (8, g), that some fibers that are apparently 
adrenergic may really be cholinergic, acting by the 
synaptic release of ACh in proximity to a peripheral 
cellular store of catecholamine. 

We have not systematically studied the action of HC-3 
at the neuromuscular junction; but in view of the 
communications that are to follow I might make brief 
reference to some recent findings of Dr. S. P. Bhatnagar, 
in my laboratory. Bhatnagar developed an improved 
method for estimating ACh in striated muscle: the con- 
centration varies widely from muscle to muscle, but is, 
of course, always much lower than in ganglia. In cat leg 
muscles, about two thirds of the stored ACh was lost 
within a week after ventral root section, and so had 
presumably been located in the intramuscular nerve 
twigs and their endings: the rest is probably in the muscle 
fibers themselves, since unilateral lumbar sympathectomy 
does not measurably affect the muscle content of ACh. 
In further experiments Bhatnagar noted that prolonged 
tetanic stimulation of the motor nerve (maximal shocks 
at 20 per sec for 30 min) reduced the extractable ACh by 
about 25%, whereas after the administration of HC-3 
the same stimulation resulted in a reduction of 60%. 
Since, in these last experiments, most of the residual 
ACh must have been in structures other than nerve 
endings, it appears likely that the pool of releasable ACh 
must have been drained nearly dry. In the absence of 
motor-nerve stimulation HC-3 did not change the 
muscle’s content of ACh. Bhatnagar did not measure 
ACh output, and his parameters of stimulation were 
certainly unphysiologically severe; but his results do 
conform with the idea that HC-3, in some circumstances 
at least, has a significant presynaptic action at the 
neuromuscular junctions: for by analogy with what we 
have seen in the ganglion experiments, one may feel 
rather confident that, in a muscle depleted otf its ACh, 
each nerve impulse would release an abnormally small 
quantity of transmitter from the depleted store. I do not 
mean to suggest that the blocking action of HC-3 at the 
neuromuscular junction is exclusively, or even mainly, 
presynaptic. In large doses, it can certainly behave like 
a conventional postsynaptic blocker, acting rapidly to 
antagonize the effect of released ACh in much the same 
way that curare does (29, 33, 34). With smaller doses, 
on the other hand, there are some findings (22; personal 
communication from V. B. Brooks and R. E. Thies), 
that are consistent with a postsynaptic mode of block 
and others (12, 29, 36) that appear to fit better with 
a presynaptic mode, and the picture appears to me to 
be much harder to clarify than it is with the ganglionic 
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synapses. New experimental results, including those to 
be presented by other contributors to this symposium, 
will no doubt help us to a better understanding; and I 
shall venture, in a moment, to offer a hypothesis that 
might help to reconcile divergent views. Before doing so, 
however, I should like to give further consideration to 
the way in which HC-3 inhibits ACh synthesis. 

When we received our first sample of HC-3 from Dr. 
Schueler, I suggested to my colleague, Dr. P. B. Sastry, 
that he should test its effect on the synthesis of ACh by 
minced brain. Quastel and his collaborators (24, 27) 
showed 25 years ago that brain tissue, respiring in the 
presence of glucose and eserine, forms ACh in consider- 
able quantity: some of the newly made acetylcholine 
remains in the tissue as “‘bound’”’ ACh and some diffuses 
into the medium as ‘free’? ACh. Working with their 
system Sastry (32) found that HC-g strongly inhibited 
the synthesis of ACh, without, apparently, affecting its 
partition between the bound and free forms. In the 
presence of added choline, the inhibition caused by 
HC-3 was reversed, and ACh was synthesized as fast as, 
or faster than, usual (Table 1). For nearly complete 
inhibition of synthesis, a somewhat higher concentration 
of HC-3 was required than in the ganglion-perfusion 
experiments (about 107! M as against 2 X 107° M), but 
this difference could be explained by the presence of 
significant amounts of free choline in the suspending 
medium. It seemed reasonable to conclude that, in this 
system, HC-3 was acting on cholinergic structures in the 
brain as it did on the ganglionic nerve endings. We 
assumed that, in either case, its inhibitory action was 
exerted on choline acetylase, the highly specific enzyme 
that synthesizes ACh by transferring acetyl groups from 
coenzyme A to choline. The chemical similarity between 
HC-3 and choline made it easy to think that the two 
bases might compete for attachment to the enzyme 
centers. 

To verify this idea Sastry prepared reaction mixtures 
containing choline acetylase in solution along with 
acetyl-CoA and choline. The choline acetylase prepara- 
tion was obtained in the usual way from acetone powders 
of brain. The mixture synthesized ACh briskly; and 
again the synthesis was inhibited by HC-3, except when 
choline was present in excess. In this case, however, 
HC-3 seemed to be much less potent than we had found 


TABLE 1. Effect of HC-3 on ACh Synthesis 
by Minced Brain Suspension 


HC-3 Choline Synthesis* Free : Total* 
M M ug/g 

10.3 0.60 
ia OC IO 9.9 0.51 
10 14.2 0.61 
10-8 col Ps 0.44 
10-4 2.3 0.63 
ro LA X10-* 4-2 0.50 
1074 10-3 13.8 0.60 


* Synthesis given as micrograms of ACh formed per gram of 
wet brain during 2 hr at 37 C. Last column gives ratio of free- 
to-total ACh at end of incubation. 
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it to be in minced brain or in perfused ganglia: to achieve 
a 50% inhibition of synthesis in the presence of 10> M 
choline, for example, the concentration of HC-3 had to 
be 10-7 M (20, 32). The discrepancy between this weak 
action of HC-3 on the single-phased system, and its 
strong action on ganglia, minced brain, and the whole 
animal, seemed all the more disturbing since choline 
acetylase, in its natural environment, never has to work 
at its maximal rate; one can, in fact, calculate that, even 
if it were to work at 1 % of that rate, it could keep up 
with physiological demands. Moreover, some of the 
quaternary bases tested by Burgen and his colleagues (7) 
were more potent than HC-3 in inhibiting the soluble 
enzyme, although they could not match its pharmaco- 
logical activity. 

We did not feel entitled to make the gratuitous assump- 
tion that choline acetylase, in its natural location, was 
somehow more sensitive to inhibition by HC-3 than 
after it had been extracted. We concluded, therefore, 
that HC-3 probably does not act by competing with 
choline for attachment to the enzyme, and we sought 
for a different mode of action. We eliminated the 
hypothesis that HC-3 might act by preventing the 
formation of acetyl-CoA: the idea was not attractive in 
view of this ester’s key position at the intersection of 
several important biochemical pathways; moreover, 
Sastry (32) showed that HC-3 did not interfere at all 
with the acetylation of sulfanilamide by liver, a classical 
example of a CoA-dependent mechanism. At this point 
Dr. Birks made the suggestion that HC-3 might act by 
combining with some membrane carrier necessary for 
the transport of choline from the extracellular fluid to 
the intracellular sites where it is acetylated. The same 
idea was put forward by Gardiner (14), who had also 
been impressed by the weaker action of HC-3 on the 
extracted enzyme than on intact neurons or cellular 
fragments. Support for the carrier blockade theory came 
from an experiment suggested by Dr. Arnold Burgen, 
who pointed out that choline was known (30) to be 
actively excreted by the avian renal tubule in the same 
way as certain other quaternary bases such as V-methyl- 
nicotinamide. The renal experiments were carried out 
by Birks, and gave a clear result: HC-3 almost com- 
pletely blocked the excretion of choline, but had no 
effect on the tubular handling of simultaneously ad- 
ministered phenol red, which is excreted by a different 
mechanism. The finding by A. Farah—whose personal 
communication Schueler (37) has referred to—that 
HC-3 blocks the uptake of both choline and N-methyl- 
nicotinamide by kidney slices, lends further support to 
the idea that HC-3 can inhibit the transport of choline, 
and no doubt of other quaternaries also. Since there was 
no reason at all to suppose that the renal excretion of 
choline involves its acetylation, we recorded our opinion 
(21): that HC-3 (and, by analogy, any other hemi- 
cholinium) acts by specifically blocking choline trans- 
port across some membrane barrier—the presynaptic 
membrane itself, or the plasma membranes of surround- 
ing glial cells, or some kind of intracellular membrane— 
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thereby depriving the choline acetylase within the 
nerve endings of its raw material. We also noted a 
number of other facts that appear to fit this scheme for 
the mode of action of HC-3 presynaptic structures (2, 21). 

The hypothesis that HC-3 affects ACh turnover by 
creating a barrier to the movement of choline is still 
rather an attractive one. But it remains a hypothesis; 
and I should like to point out now that a different, 
though related, hypothesis is equally tenable, and may 
even fit better with some of the facts that have been 
discovered by other contributors to this symposium. 
To introduce this idea, let me remind you that the 
specific transport, active or passive, of a cation is most 
readily pictured in terms of some specific anion which 
has, at least temporarily, a high affinity for the cation, 
and which is unable to diffuse freely. This anion might 
be structurally bound to a membrane, but free to rotate 
as a passive carrier: it would then behave as if it were 
a specific solvent for the cation, allowing it to diffuse 
down the electrochemical gradient into the adjacent 
aqueous phase. Alternatively, the anion might be fixed 
upon or within some intracellular structure and, by 
trapping the cation, would permit it to accumulate in 
high concentration at that site. (More complex models 
are, of course, possible.) The first alternative, that of 
the membrane-bound carrier, corresponds with the 
hypothesis for choline transport that I have just dis- 
cussed; the second, that of the particle-bound anionic 
storehouse, is the one I should like to consider now. The 
well-proven quantal release of acetylcholine at the 
neuromuscular junction—the discharge of discrete 
packets containing a thousand or so ACh ions—suggests, 
as you know, that the acetylcholine of the motor terminal 
is stored in specific small particles; and, at present, the 
leading candidates for recognition as the storage or- 
ganelles are the vesicles that abound within the presynap- 
tic axoplasm. It seems probable that some indiffusible 
anion may assist in holding ACh within these particles. 
By analogy, there is strong evidence for the ionic binding 
of amines to intracellular particles by ATP—serotonin 
in blood platelets (1, 4) and catecholamines in the 
adrenal medulla (3); and heparin may similarly aid in 
the storage of histamine within mast-cell granules (16, 18, 
23, 35). If ACh is, indeed, stored in this way within 
nerve endings, it would not be too surprising if other 
quaternaries of related structure also had a strong 
affinity for the specific anionic sites and could be stored 
there, too. Let us make the further, not unreasonable, 
assumption that choline and related bases enter the 
nerve ending mainly at the time of its invasion by the 
nerve impulse: this could be compared to the well- 
known influx of Na and Ca ions into excited axons, but 
it is possible that a pinocytotic process may be involved 
in the reformation of the transmitter depots. Now, if 
HC-3 were to be handled by the nerve ending in the 
same general way as the choline and ACh to which it is 
sterically related, it would tend to accumulate in the 
storage sites, and the latter would then contain less than 
the normal complement of ACh. The transmitter quan- 
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tum, instead of being pure ACh, would be adulterated 
with a certain proportion of HC-3, and this proportion 
would rise with each successive impulse arriving at the 
junction. The number of transmitter quanta per impulse 
would be unchanged, but the later impulses of a series 
would have less effect on the postsynaptic membrane 
because they would be discharging less ACh and more 
of the competitive blocker HC-3. 

As a result of the usurpation of storage sites by HC-3, 
net synthesis of ACh during stimulation would be in- 
hibited. The degree of inhibition would depend on the 
relative extracellular concentration of HC-3 and choline, 
and on the relative affinity of HC-3 and ACh for the 
storage sites. 

This hypothesis is perhaps overlabored, but I find it 
attractive, because it would help to account for some of 
the observations made on neuromuscular junctions 
poisoned with HC-3 that are hard to explain on the 
basis of either a pure postsynaptic action or a pure pre- 
synaptic action. To take one example, Brooks and Thies 
(personal communication) have found that the post- 
synaptic response of an isolated muscle to motor-nerve 
volleys at 12 per min continues to decay along a smooth 
curve for more than an hour after the muscle has been 
placed into contact with HC-3. It is hard to see why a 
purely postsynaptic effect should take so long to develop. 
Yet, a purely presynaptic action on the part of HC-3 
would be an equally unsatisfactory explanation, for if 
the proportion of depot ACh released by each nerve im- 
pulse were the same for the muscles used by Brooks and 
Thies as Emmelin and I (13) have found for the cat’s 
tibialis anticus, the ACh content of the motor terminals 
in their tests should have been reduced by only some 
2-3 %, at a time when the postsynaptic response was re- 
duced by 50-go0 %. On the other hand, a dual effect of the 
sort I have envisaged—the release of transmitter quanta 
containing a steadily increasing proportion of the post- 
synaptic blocker HC-3—might well account for these 
and other findings. Birks and I (2) have recently pre- 
sented evidence that the transmitter store at ganglionic 
nerve endings exists as two fractions, one of which is 
smaller and more readily releasable than the other. 
It seems probable that at physiological rates of excitation 
ACh turnover occurs mainly in this smaller fraction, 
which might then be particularly susceptible to adultera- 
tion when another quaternary is present in the extracel- 
lular fluid. 

We have no direct evidence that HC-3, or any other 
quaternary besides choline, can be incorporated into 
nerve endings. We do find, however, that a number of 
other quaternaries can inhibit ACh synthesis by minced 
brain. Table 2 contains some of Dr. Bhatnagar’s un- 
published data on this point. It will be noted that the 
parent base, NH,*, is inactive as an inhibitor, as is 
N-methylnicotinamide; but some of the others, especially 
tetraethylammonium (TEA), inhibit strongly when 
present in high concentration: by this test the potency 
of TEA is roughly 1/20 that of HC-3. Probably it does 
not act on ACh metabolism in exactly the same way; 
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TABLE 2. Inhibition by Quaternary Bases of 
ACh Synthesis in Minced Brain 


ACh Synthesis as % of Control 


Base a a 
104M 103 M 10°? M 

Ammonium | 104 105 103 
N-methylnicotinamide 105 103 97 
Tolazoline 98 89 84 
Hexamethonium 77 73 63 
d-Tubocurarine 79 66 53 
Tetramethylammonium 83 81 12 
Tetraethylammonium 73 32 9 
Tetrapropylammonium 80 65 12 
Tetrabutylammonium 78 57 6 

5 


HC-3 23 14 


TABLE 3. Reversal by Choline of Inhibition of 
ACh Synthesis in Minced Brain 


ACh Synthesis as % of Control 


Choline Choline Choline 


Inhibitor 


| No Choline anes 10? tot 
None | 100 142 176 177 
HC-3 (1074 M) | 24 62 123 
TEA (1073 m) 37 56 70 144 


TEA (107? M) 17 18 35 70 


TABLE 4. Antagonism by Choline and Eserine 
to TEA Toxicity in Mice 


, Mortality 

Dose of .. Dose o 

TEA Antagonist Antagonist | Sap tl 

Numbers | Percentage 

mg/kg mg/kg | 
oh 10/20 | 50 
100 70/80 | 88 
150 | 39/40 | 98 
100 Choline chloride 100 2/20 10 
150 Choline chloride 200 | -4/10: |. “40 
100 Eserine sulfate 0.5 


A/ZO°. |. 13 


nevertheless, it was of interest to us to find that it has 
no effect on ACh synthesis by choline acetylase in solu- 
tion, that its inhibitory action on synthesis by minced 
brain is reversed by choline (Table 3), and also that 
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choline is a fairly effective antidote to the toxic action of 
TEA in mice (Table 4). Curiously enough, Bhatnagar 
found that even d-tubocurarine and hexamethonium, 
which we have all regarded as typical drugs with a 
purely postsynaptic action, have a measurable inhibitory 
effect on ACh synthesis. It is, indeed, likely that any 
influence these two bases may have on ACh release is 
wholly negligible, in ordinary circumstances. Never- 
theless, it should perhaps be pointed out that, in each 
of the perfusion experiments (6, 11, 25) in which these 
blocking agents were found not to affect ACh release, the 
presynaptic fibers were excited for only a few minutes 
in the presence of the drug; and it is just possible that 
more prolonged stimulation would have given evidence 
of depletion of the transmitter depot. At present, eserine 
is the only organic base other than HC-3 that has been 
shown, by direct measurement, to depress ACh release 
from nerve endings (2, 26). I feel rather confident, how- 
ever, that other compounds will prove to possess this 
sort of activity. Among them may well be triethylcholine 
and 3 ,6-bis(diethylaminopropoxy )pyridazine bismethio- 
dide, whose pharmacological similarities to the hemi- 
choliniums have been pointed out by Bowman and Rand 
(5) and Gesler et al. (15), respectively. 

It is a truism that drugs whose activity is specially 
directed toward cholinergic synapses can act in a variety 
of possible ways. On the presynaptic side, they may 
affect the transport or acetylation of choline as well as 
the storage and release of ACh; on the postsynaptic side, 
they may mimic or block the action of released ACh; 
on either side of the junction they may affect the enzy- 
matic or nonenzymatic removal of ACh from its site of 
action. With exceptions, such as botulinus toxin and the 
organic phosphates, most of the drugs that have a special 
action at cholinergic synapses are bases with some steric 
resemblance to choline or ACh; we should expect, there- 
fore, that the elements with which they tend to combine 
—receptors, enzymes, carriers, or storage sites—will often 
possess a common but specific antipodal configuration. 
Thus it is not surprising that many drugs should act in 
more than one way at these synapses. When we begin to 
learn the chemistry of the materials with which choline 
and ACh specifically combine, we shall be on our way to 
an understanding of cholinergic pharmacology. 
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Postsynaptic neuromuscular block produced 
by hemicholinium no. 3' 


R. E. THIES? AND V. B. BROOKS 
The Rockefeller Institute, New York City 


is PRESENT NO DRUG IS KNOWN that specifically inhibits 
the synthesis of acetylcholine (ACh) in nerve-muscle 
preparations: When MacIntosh, Birks, and Sastry (41, 42) 
reported that hemicholinium no. 3 (HC-3) inhibits 
ACh synthesis in perfused active sympathetic ganglia 
and in minced brain (41, 42), the present study was 
undertaken in order to test its mode of action on guinea 
pig nerve-muscle preparations. HC-3 is a quaternary 
base, containing two choline moities (51). The effects 
of this drug on various tissues and the evidence for its 
possible modes of action have been reviewed recently 
by Schueler (52). In this study it will be shown that 
HC-3 acts postsynaptically under the conditions of 
our experiments, in contrast to a suggestion of presynap- 
tic action in cat’s muscle (20), but in agreement with 
findings for frog’s muscle (44, 45). The comparative 
neuropharmacology of HC-3 will be discussed. 


METHODS 
Toxicity 

HC-3 toxicity was determined by intraperitoneal 
injection of water solutions into groups of three or more 
guinea pigs. Volumes of 0.2-1.8 ml were injected into 
male or female animals with body weights of 200-500 
g. The development of symptoms and the time it took 
for death to occur were noted. Possible antagonism by 
choline or by eserine was tested by separate injections 
of either of these drugs immediately before injections 
of HC-g solution (Table 1). Some tests were performed 
with animals that had survived an experiment done 
during the previous week. 


Preparation and Solutions 


For each in vitro experiment, a single, excised, guinea 
pig muscle was used. The diaphragm was used for one 
preliminary trial (Fig. 1), whereas 15 serratus nerve- 
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muscle preparations were employed in subsequent 
studies (4). The experiments are identified by numbers, 
in the text, to permit cross-referencing between trials. 
The muscles were mounted in a suitable Lucite bath 
(6), containing 6 ml of modified Krebs’ solution (18). 
The solution had the following composition (mm): 
Na*+—143.4, K+—5.6, Ca?+—1.8, Mg?+—1.0, HCO; — 
23.8, Cl-—130.8, and glucose—5.5. In four of the five 
experiments, during which ACh release was studied, 
the concentration of Ca ions was raised to 7.2 mm and 
that of Mg ions to 5.0 mM, except 10 mm Mg for experi- 
ment 12 (Tables 3 and 4). Provision was made for record- 
ing from muscles and nerves. The latter were mounted 
in a separate compartment, filled with mineral oil, and 
connected to the muscle bath by a slot filled with petrola- 
tum. The modified Krebs’ solution was usually warmed 
to 40 C, equilibrated with 5 % COx2 and 95 % Oz in 2-liter 
reservoirs; it was then run through the muscle bath at a 
rate of about 5 ml/min, with the bath temperature 
maintained at 36 + 1 C. ACh release was studied at 
lower temperatures, as shown in Table 4. All drugs were 
added to the reservoir containing the Krebs’ solution. 


Electrical Recording 


Extracellular muscle-action potentials and end-plate 
potentials (epp’s), in response to nerve stimulation, 
were recorded from the surfaces of six muscles (expts. 
1, 2, 5, 6, ro, and rr) with glass-insulated platinum 
wires, 0.3 mm in diameter (5). Intracellular (full and 
miniature) end-plate potentials were recorded from 
single fibers in experiments 2 and 3, from three fibers in 
experiment g, and, in experiments 12-16 (Tables 3 and 4), 
with glass micropipettes, filled with 3m KCI solution. 
Potentials were amplified with a d-c amplifier, displayed 
on an oscilloscope and photographed. 


Quantum Content 


Quantum content was estimated by analysis of the 
coefficient of variation of series of epp amplitudes (13), 
corrected for nonlinear summation (43). Series of about 
200 epp amplitudes were used for the calculations, re- 
sulting in mean estimates of quantum content with 
standard errors approaching 10%. During recovery 
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in trials 2 and 3, experiment 13 (Table 3), the epp ampli- 
tude increased gradually. Consequently, quantum 
content was determined by deviations from the linear 
regression of epp amplitudes, rather than from mean 
epp amplitude. 


ACh Sensitivity 


Postsynaptic sensitivity to ACh was tested by applica- 
tion of 0.01-0.05 ml of solution of ACh in 0.9% NaCl 
to end-plate regions of five muscles (exbts. 4-8, Table 2) 
through a 25-gauge needle from a 0.25 ml syringe that 
was held in a mechanical manipulator. The tip of the 
needle was placed in the irrigating solution 0.3-0.4 mm 
from the muscle. Muscle twitches were observed through 
a dissecting microscope at a magnification of 16-25 
diameters. The final concentration of ACh reaching the 
postsynaptic surface of muscle cells was unknown. 


Drugs 

HC-3 was obtained through the courtesy of Dr. K. K. 
Chen of the Lilly Research Laboratories, Indianapolis. 
In some experiments, choline chloride (chemically pure) 
was included in the Krebs’ solution at a concentration 


of 1 or 2 mw, as a possible antagonist to the action of 


HC-3. Acetylcholine chloride, obtained from Merck 
& Company of Rahway, N. J., was used to test the post- 
synaptic sensitivity of neuromuscular junctions. The 
contents of dry, sterile ampules were dissolved in a 
0.9% NaCl solution and successively diluted to produce 
a series of solutions with concentrations of 10~'-10~® . 
Eserine sulfate (Physostigmine, U.S.P., Amend Drug 
& Chemical Co., New York City) was dissolved in a 
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0.9% NaCl solution to produce a concentration of 
10° g/ml. 
RESULTS 
1. Toxicity of HC—3 for Guinea Pigs 

The toxicity of HC-3 has been demonstrated for a 
variety of mammals (32, 49, 51). Since Schueler’s (51) 
extensive tests included few guinea pigs (the species 
investigated in this study), HC~—3 toxicity and its possible 
antagonism by other drugs were reexamined (Table 1). 
Fractions appearing in Table 1 represent the number of 
animals surviving relative to those tested with the com- 
binations of drug doses shown at the top and in the first 
column. The vertical columns in Table 1 list trials with 
constant doses of HC-3, whereas the rows itemize con- 
stant doses of antagonistic drugs used. The approximate 
LD5o for guinea pigs was 0.5 mg of HC-3 per kg body 
weight, as shown in Table 1. HC-3 caused extreme slow- 
ing of respiration, flaccid paralysis, and convulsions, as 
described for other mammals (32, 49, 51). Death was 
apparently caused by respiratory failure, usually in 
30-60 min. Choline and eserine were tested as possible 
antagonists to HC~—3 toxicity with guinea pigs, since 
these drugs were effective with mice (51). On the one 
hand, only slightly greater doses of choline (100 mg/kg) 
than those used by Schueler (51) for mice were required 
to antagonize otherwise lethal doses of HC-3 in guinea 
pigs (Table 1), although the LD59 of HC-3 expressed 
per unit of body weight for guinea pigs is 20 times that 
for mice (51). On the other hand, eserine was ineffective; 
maximal sublethal doses of eserine (1 mg/kg body wt) 
failed to improve the chances of survival, at least with 
the small numbers of animals tested (Table 1). 


TABLE 1. 7oxicity of HC—3 to Guinea Pigs and Its Antagonism by Choline (but not by Eserine) 


Doses (mg/kg body wt) Controls 


3/3 3/3 
(placebo) 


I 4/4 
Eserine (mg/kg) 2 1/s 
(28 min) 
2.5 2/3 
(10 min) 
20 
50 
Choline (mg/kg) 100 
250 3/3 
500 1/3 
(76 min) 


HC-3 (mg/kg) 


0.5 1.0 2.5 5.0 10.0 
4/10 G/5 0/3 0/3 0/3 
(62 min) (41 min) (41 min) (32 min) (21 min) 
3/6 0/3 
(42 min) (34 min) 
0/3 
(28 min) | 
3/3* | 
2/3 
(47 min) 
3/3 
1/3 
(54 min) | 
1/3 
(16 min) 








The number of animals ‘‘surviving’’ is shown as a fraction of the number of animals tested, for the combination of drugs listed at 
the top and left side. Figures in parentheses are average times for death. Drugs were injected intraperitoneally at zero time into 
animals of both sexes (body wt 200-500 g) as volumes of 0.2-1.8 ml. 

* Two of the three animals had severe symptoms of HC-3 poisoning. 
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2. General Site of Action: Neuromuscular Junction 


It is known that frequencies of indirect stimulation 
greater than 12/min fatigue isolated mammalian nerve 
muscle preparations (11 and unpublished data). There- 
fore, to avoid fatigue, the nerves of excised diaphragm 
or serratus preparations were stimulated supramaxi- 
mally at frequencies of 12/min or less. HC—3, in concen- 
trations as low as 3 X 10-° M, blocked neuromuscular 
transmission reversibly at some junctions. Transmis- 
sion at all junctions failed in the presence of 2 X 
io? mM HC-3, after 30-40 min with a diaphragm 
preparation, and after 10-20 min with serratus prep- 
arations (Fig. 1). Doses of HC-3 that cause con- 
siderable neuromuscular block in vitro (6 X 107° M, 
about 3 mg/1o0o ml) exceed by more than 10-fold the 
expected concentrations of HC-3 in the blood of severely 
affected guinea pigs (0.5 mg/kg), even if only half of 
the injected dose can be assumed to reach nerve-muscle 
junctions (52). The five curves of Fig. 1 show rates of 
depression of compound muscle action potentials re- 
corded with surface electrodes at end-plate regions of 
different muscles. Amplitudes of end-plate potentials 
(epp’s) are designated by filled symbols in lower part of 
Fig. 1. The presence of epp’s in the absence of propagated 
action potentials demonstrates that ACh was still re- 
leased from nerve endings in response to nerve stimula- 
tion. Control values for nerve potentials and for muscle 
potentials elicited by direct stimulation (top of Fig. 1) 
demonstrate that HC~3 acts at neuromuscular junctions 
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rather than on nerves or on muscle fibers. Neuro- 
muscular block was partially antagonized by addition 
of 4 X 10-* M eserine to irrigating solution containing 
9 X 10°°M HC-3 (expt. 17, not shown in Fig. 1). Re- 
covery from block due to HC-3 (not shown in Fig. 1) 
was observed during irrigation of the preparation with 
drug-free Krebs’ solution: the time course of recovery 
was variable but similar to that of development of 
paralysis. 


3. Specific Site of Action: Postsynaptic Muscle Surface 


Two types of experiments were made to distinguish 
between presynaptic and postsynaptic effects of HC-3 
on the neuromuscular junction: muscle sensitivity to 
applied ACh was determined by observing twitch thres- 
hold, and electrical records were obtained from single 
junctions. The results are described below. 

a) Depression of sensitivity to externally applied ACh. 
Normal ACh sensitivity is contrasted with that observed 
during irrigation with modified Krebs’ solution con- 
taining HC-3 (Table 2). Application of ACh to end- 
plates of groups of normal serratus muscle fibers caused 
them to twitch, in response to concentrations of about 
10-* M ACh, as has been previously found (7, 8). Within 
an hour after addition of blocking doses of HC-3, thres- 
hold concentrations of ACh required to produce twitches 
increased about 100 times. Sensitivity was partially 
restored by irrigating with drug-free Krebs’ solution for 
20-90 min (Table 2). Recovery of sensitivity was followed 
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FIG. 1. Time course of neuromuscular block with various 
concentrations of HC-3. Five guinea pigs’ excised nerve-muscle 
preparations were stimulated indirectly and supramaximally at 
12/min. HC-3 reached the bath from the reservoir at zero time. 
The uppermost horizontal line plots amplitude of control ‘“‘nerve 
potentials,’ expressed as percentage of normal (ordinate, log 
scale), against time (min). +: phrenic nerve (Expt. 7), recorded 
in oil-filled side chamber. Open symbols plot amplitudes of “‘muscle 
action potentials” (ordinate, log scale) in relation to time (abscissa). 


©: diaphragm (Expt. 1), 2.3 X 107m HC-3, @: direct stimulation ; 
V: serratus (Expt. 5), 3 X 10°-° m HC-3; A: serratus (Expt. 6), 6 
xX 10-5 m HC-3; G: serratus (Expt. 10), 1.2 X 10°! m HC-3; 
O: serratus (Expt. 2), 3.7 X 10-4m HC-3. Filled symbols represent 
amplitudes of ‘‘end-plate potentials’ expressed as percentage of 
control muscle action potentials. @: diaphragm (Expt. 1), 2.3 X 
10* m HC-3 and @: serratus (Expt. 2), 3.7 X 10-4. Bath tem- 
peratures were 35-36 C, except 25 C. in Expt. ro (0). 
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only until compound muscle action potentials leveled 
off without further recovery; the residual loss may be 
attributable to long-lasting depression of sensitivity 
after repeated application of ACh (54). Thus the extent 
of depression of ACh sensitivity, about 100X, can 
roughly account for the depression of muscle action 
potentials, shown in Fig. 1. The effects of eserine and 
choline on ACh sensitivity were tested. In the presence of 
eserine, HC-3 increased the concentration of ACh re- 
quired to stimulate muscle fibers only 5-20 times in- 
stead of 100 times (Table 2). Choline, however, was 
ineffective in reversing the desensitizing action of HC-3 
at neuromuscular junctions, although it antagonizes the 
toxicity of HC-3 (Table 1, and ref. 51), and counteracts 
block by HC-3 of transmission at cholinergic autonomic 
junctions (41). In two tests, addition of 1 mm choline 
further depressed sensitivity and the compound muscle 
action potential, rather than restoring them (Table 2), 
as is also the case with cat’s muscle in vivo (28). Rinsing 
with drug-free Krebs’ solution led to partial recovery 
of ACh sensitivity and of muscle potentials. 

b) Depression of amplitude of miniature end-plate potentials. 
The postulate that HC-3 desensitizes the postsynaptic 
muscle membrane to applied ACh implies that sensitivity 
to spontaneously released ACh should be decreased as 
well. The properties of spontaneous miniature epp’s 
were used to determine the site of action of HC-3. Del 
Castillo and Katz (15) and others have demonstrated 
that miniature epp’s are postsynaptic responses to spon- 
taneous presynaptic release of single quanta of ACh. 
Such release can be demonstrated by direct bio—assay 
of ACh (5, 53). 

Toxins, ionically imbalanced irrigating solutions, and 
mechanical factors that act presynaptically change the 
frequency of discharge of miniature epp’s, whereas 
drugs and imbalanced irrigating solutions that act 
postsynaptically change the recorded amplitude (33). 
Thus, it may be expected that intracellular records 
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TABLE 2. Depression of ACh Sensitivity by HC—3 


Additional Drugs Used ae 
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from single unstimulated junctions can indicate whether 
HC- acts presynaptically or postsynaptically. A change 
of quantal size of miniature epp’s has never been pro- 
duced experimentally (tests for such an effect will be 
discussed in the next section). It was found that doses 
of HC-3 sufficient for neuromuscular block (6-18 X 
10-° M) immediately obliterate spontaneous miniature 
epp’s (three tests in two fibers, Expts. 2 and 3), but that 
lower doses, such as 10~° M HC~-, gradually depress 
their mean amplitude into the base line “noise”? over 
a period of 5-10 min without changing their time- 
constant of decay. Yet, resting membrane potentials 
were not depressed by these treatments with HC-3. 
Fig. 2 shows distributions of miniature epp amplitudes 
for a series of recording periods of 13 sec each from the 
first fiber of experiment g (representative of trials with 
three fibers, Expts. 3 and g). The numbers of miniature 
epp’s are indicated on the ordinate and amplitudes are 
grouped along the abscissa in class widths of 0.05 mv. 
Arrows on the abscissa indicate limits of resolution of 
recording; miniature epp’s with amplitudes of 0.1 mv or 
less could not be distinguished from base line noise. 
The histograms at left on Fig. 2, beneath the label 
“HC-3,” demonstrate depression of miniature epp 
amplitude by HC-3. Time after addition of HC-—3 is 
designated next to the histograms. One min after HC-3 
entered the muscle bath the miniature epp amplitudes 
were still equivalent to control values; but 2 min after 
addition of HC-3, amplitudes of miniature epp’s had 
diminished, and then continued to decline with time. 
Since miniature epp’s could not be counted after they 
disappeared into the base line noise, frequencies appear 
to be reduced, as reflected in the decreasing areas of 
successive histograms. However, results of experiments 
with low doses of HC-3 have shown that frequency 
reduction is an artifact. For example, in the second 
fiber of experiment 9, miniature epp amplitude decreased 
by about one quarter after treatment with 3 X 10-° M 


Duration of Irrigation with 
Krebs’ Solution 














oe Control Recovery Control In presence Recovery 
before HC-3 | In presence of HC-3 | from HC-3 | before HC-3| of HC-3 | | from HC-3 
(mM) (mM) (m) (at) (Mm) (min) (min) (min) 
4 | i.2 10° g X-107% | <sc* 10-3 220 35 | 25 
5 2:7 KX 10° 3.2% 10° 10° 10-4 330 go go 
6 6.2 X 10% 3X 1075 | 107%-107 195 60 
| 6.2 X 10° Choline: 10~* 10% 10°? and less to * =} | 85 40 
6.2 X 10% Choline: 107% 10°-* io * 10-4 | 15 20 
7 2.3 X 104 Eserine: 3 X 1075 xX ia* |] ro" 160 70 
8 1.2 X 1074 Eserine: 3 X 107% 5 X 10°¢ 10-4 210 | 130 
3 J | 3 | 








Tests at 3-6 loci in each of five guinea pig excised serratus muscles. Indirect stimulation at 12/min during expts. 5 and 6 which 
also appear in Fig. 1; no stimulation during other experiments. Muscle was irrigated with drug-free Krebs’ solution between the 


two tests in the presence of choline. 
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Amplitude of miniature end-plate potential (mV) 


FIG. 2. Changes of distributions of amplitudes of spontaneous 
miniature epp’s. First fiber of guinea pig’s excised serratus muscle 
used in experiment 9. Numbers of potentials observed (ordinate) 
are plotted at various amplitudes (abscissa) in classes of 0.05 mv 
width. The number next to each histogram indicates minutes after 
addition of HC-3 (1.2 X 107° M); eserine (1.2 X 1075 m) was added 
101g min after HC-3. Amplitudes of miniature epp’s that are 
double or triple the mean amplitude are shown by an interrupted 
outline. Limit of resolution imposed by base-line “‘noise’’ is shown 
by arrows on abscissae; miniature epp’s with amplitudes of 0.1 
mv and below were not detected. 


HC-3. Subsequent exposure to 6 X 10°§ mM HC-3 
further depressed mean amplitude to less than one half 
of control. Yet, since all amplitudes were above base 
line noise, it was possible to establish that there was no 
effect on frequency of miniature epp’s. 

If HC-3 depresses postsynaptic sensitivity to ACh, 
then an anticholinesterase, such as eserine, should antag- 
onize the action of HC-3 as it does that of tubocurarine. 
Evidence for such an effect is shown in the histograms 
at right on Fig. 2, representative of trials with the first 
and third fibers of experiment 9. Mean miniature epp 
amplitude increased within 2.5 min after adding eserine 
to the solution already containing HC-3 for 13 min. 
Frequencies of miniature epp’s appeared to be higher as 
a result of increased amplitude, since fewer miniature 
epp’s were obscured by base line noise. This experiment 
greatly reduces the possibility that HC-3 has any pre- 
synaptic action under the present conditions: eserine 
can only amplify miniature epp’s, but at this concentra- 
tion it cannot restore them in the absence of liberated 
ACh. 

c) Lack of effect on quantum content. Results related in the 
preceding sections demonstrate the occurrence of post- 
synaptic actions of HC-3 and the unlikelihood of pre- 
synaptic ones, such as reduction of quantal size. How- 
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ever, a very sensitive test may be applied to establish 
if any presynaptic effects take place: estimation from 
electrical measurements of the number of quanta of 
ACh released per impulse at an end-plate (13). This 
method, as opposed to bio-assay, circumvents the possi- 
bility of decreased ACh release during rapid stimulation 
due to an unknown degree of block in nerve branches 
(Brooks and Thies, unpublished data). The amplitudes 
of end-plate potentials (epp’s) are a function of the 
amount of ACh reaching postsynaptic receptors as well 
as of the postsynaptic sensitivity to ACh, both known to 
decrease during rapid repetitive stimulation (14, 56). 
Yet, the number of quanta per epp is independent of 
postsynaptic ACh sensitivity, as miniature epp’s and 
impulse-induced epp’s are equally affected (43). Con- 
sequently, amounts of ACh released at five single neuro- 
muscular junctions were deduced from intracellularly 
recorded epp’s (Tables 3 and 4). 

HC-3 had no detectable effect on ACh release at 
guinea pig’s neuromuscular junctions, as estimated by 
the quantum content of epp amplitudes. The effects of 
HC-3 on neuromuscular transmission were compared 
to those of tubocurarine, a drug known to act postsynap- 
tically. Since choline antagonizes the presynaptic action 
of HC-3 in sympathetic ganglia (41), observations with 
HC-3 were also made in the presence of added choline. 
The results are set forth in Table 3. The three groups of 
columns in the Table display values of quantum content 
obtained in three successive tests: at initial slow rates of 
nerve stimulation (first group), at rapid rates of stimula- 
tion (middle group), and, finally, once more at slow 
rates of stimulation (last group). The ‘rapid’ rates of 
stimulation are in the range of natural, continuous, 
firing rates of motor neurons and of “‘motor units’ of 
muscle fibers in vivo (1, 24, 27), but they are lower than 
those occurring during brief reflex activity (1, 21, 22, 
24). No evidence is available to determine if ACh re- 
lease per impulse is maximal under the conditions of 
such experiments. However, experiments with muscles 
in vitro reveal that efficacy of neuromuscular transmis- 
sion suffers above 12/min (10) and, in fact, that ACh 
per impulse (quantum content) becomes submaximal 
during stimulation at rates faster than 12/min (57; and 
Brooks and Thies, unpublished data). Hence, the present 
experiments were designed to compare “slow” and 
“rapid” rates of stimulation. Each such sequence of 
tests, listed by groups of columns and constituting one 
trial in Table 3, was carried out in the presence of either 
tubocurarine, HC-3 plus choline, or HC-3 alone. The 
particular concentrations of drugs used (Tables 3 and 
4) were sufficient to prevent contraction of indirectly 
stimulated serratus preparations without depressing 
epp amplitudes below accurately measured levels. 
End-plate potential amplitudes during initial slow 
stimulation varied between 1 and 13 mv in the experi- 
ments shown in Table 3. The trials, listed by number at 
the beginning of Table 3, appear in the appropriate 
rows; results of successive trials within experiments, 
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TABLE 3. Quantum Content (Reflecting ACh Release per Impulse) at Different Rates of Stimulation 
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Maximum Recovery During 
Slow Stimulation 


Drugs used 
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Initial Slow Stimulation 
Expt. No.| Trial No. esti used 
Stim. freq. Stim. freq. 
permis.) | g-tubo- | HC-3+] Hc. a scdhaae 
curarine choline ” 
12 I 12 (27 )33 5 
2 (47 )39 
I 110 
13 2 60 117 10 
3 58 
14 I 72 78 12 
: 14 77 
15 I 12 187 20 
2 ) 136 
10 I 27 
2 12 25 20 
3 14 (16) 
4 14 


Five neuromuscular junctions were studied, each from a different guinea pig excised serratus preparation; each preparation was 


Stim. freq. asses 
d-tubo- | HC-3 + HC-2 ADEE ee? d-tubo- | HC-3 + HC-: 
curarine choline d curarine choline 4 

17 12 30 t 
16 320 
II a 
5 6 86 : 
8 62 
19 wast 96 
Q . 
21 12 174 
5 57 
11 23 
10 12 27 
4 8 5 ae 


stimulated at a slow frequency before and after a period of rapid stimulation. Irrigating solutions contained neuromuscular blocking 
drugs and increased concentrations of Mg and Ca ions, except for expt. 14 (values and temperatures shown in Table 4). Dashes 
show where fibers were lost before completion of all tests. Estimates of quantum content shown in parentheses for the first and last 
experiments were calculated from epp’s recorded about 1 hr before and under the same conditions as those used for initial values. 


Mean estimates of quantum content had se of 10-15%. 


also identified in the Table, are given in successive 
rows, reading downwards. 

Acetylcholine release per impulse, as reflected in 
quantum content, was unaffected by the presence of 
HC-3 during stimulation at slow frequencies (near 
12/min, first and last groups of columns in Table 3). 
Acetylcholine release per impulse generally declined 
between successive tests, 1-3 hr apart, whether muscle 
preparations were irrigated with Krebs’ solution con- 
taining either HC-3, HC-3 plus choline, or tubocura- 
rine. Variations in absolute values of quantum content 
between the five fibers in Table 3 are due at least in 
part to alterations in temperature and in concentrations 
of calcium and magnesium ions (Table 4). These varia- 
tions between experiments exceed those within experi- 
ments where the effects of drugs are compared. Further- 
more, successive tests with a single drug also yielded 
results as widely scattered as those obtained with differ- 
ent drugs. Usually, depression for any one fiber deep- 
ened, and recovery became less complete during succes- 
sive trials (shown one below the other in Table 3). 
Quantum content increased or decreased by about one 
quarter after irrigation was changed from Krebs’ solu- 


tion, containing HC-3, to that containing control drugs, 
or vice versa. Consequently, no action of HC-3 on ACh 
release per impulse in excess of one quarter of control 
values has been demonstrated during slow rates of 
stimulation that yield maximal ACh release per impulse. 
It will be shown in piscussion that HC-3 would have to 
depress ACh release by more than 4¢ in order to block 
neuromuscular transmission. The diminution of ampli- 
tude of electrically recorded potentials can be roughly 
accounted for by depression of ACh sensitivity. There- 
fore, any residual presynaptic action, however improb- 
able, such as depression of quantal size of miniature 
epp’s, must be less than the 25 % variation of our data 
on quantum content. 

Does HC-3 have a presynaptic effect on junctions 
that are firing rapidly, when ACh release per impulse 
is submaximal and ACh synthesis may be marginal? 
Results obtained with sympathetic ganglia (41) sug- 
gest that this may be so. Evidence against this possibility 
is presented in the middle group of columns of Table 3. 
In successive trials ACh release per impulse shows a 
general deterioration, but no consistent difference is 
detectable between the extent of maximum depression 
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TABLE 4. ACh Release per sec During Rapid Repetitive 
Stimulation, Calculated from Data in Table 3 
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Irrigating solutions contained neuromuscular blocking drugs 
and increased concentrations of Mg and Ca ions, except for 
expt. 14. The number of quanta released per sec is the product of 
frequency of stimulation and quantum content, which usually 
had a sE of 10% of the mean estimate. 


(second group of columns) and of maximum recovery 
(third group of columns) whether the experiment was 
carried out with HC-3 or with control drugs, such as 
tubocurarine or HC-3 plus choline. Thus, during brief 
rapid stimulation no specific effect of HC-3 on ACh 
release per impulse was detected. 

Further evidence against a specific action of HC-3 on 
ACh release at neuromuscular junctions is provided by 
estimates of ACh release per second during rapid repeti- 
tive stimulation. Although ACh release per impulse is 
depressed during rapid rates of stimulation, ACh release 
per second during such stimulation initially increases 
to 50-100 times the values obtained during slow rates of 
stimulation. When rapid stimulation is continued, 
ACh release per second declines but remains about 
10-fold greater than release per second during slow 
stimulation (Brooks and Thies, unpublished data). ACh 
release per second is calculated by multiplying quantum 
content (ACh release/impulse) by frequency of stimula- 
tion (impulses/sec), as set out in the last group of three 
columns in Table 4 (from data in Table 3, column ‘Max- 
imum Depression’). Frequencies of stimulation for the 
same five muscle fibers listed in Table 3 are shown in 
Table 4, whereas durations of stimulation are listed in 
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the adjacent column, for tests in the presence of control 
drugs or of HC~3 alone. Although ACh release per 
second shows some deterioration in successive trials of 
individual fibers, release is not specifically impaired 
by the presence of HC-3 (last group of columns in the 
table). Therefore, continuing release of ACh, as esti- 
mated per second during brief rapid stimulation, 
suggests that ACh synthesis in motor nerve endings 
persists during short-term experiments in which neuro- 
muscular block is produced by HC-3. 


DISCUSSION 
1. Effect of HC—3 on Different Tissues 


The present results show that HC-3 blocks neuro- 
muscular transmission in guinea pigs by depressing 
ACh sensitivity, i.e., it acts postsynaptically, much like 
tubocurarine. Thus, its action at the nerve-muscle junc- 
tion differs from its effect on cat’s sympathetic ganglia 
where HC-3 depresses ACh synthesis, i.e., it acts pre- 
synaptically, presumably by inhibiting choline transport 
into nerve endings (40). HC-3 depresses miniature 
epp amplitudes and ACh sensitivity at neuromuscular 
junctions of the frog’s toe muscle in vitro (44, 45), in 
agreement with the present results, but ACh excitation 
of the frog’s slow rectus muscle is not blocked by HC-3 
(49). It has been suggested that HC-3 inhibits ACh 
synthesis in motor nerve terminals, since posttetanic 
depression of neuromuscular transmission occurs in 
HC-3 treated cats, but not in curarized preparations 
(20). However, interpretation of the in vivo data ob- 
tained from one muscle (Fig. 1 of ref. 20) is made diffi- 
cult by discrepancies in details of procedure between 
treatments with HC-3 or with curare. For example, 
continuous slow stimulation was applied to the muscle 
of the animal given a single dose of HC-3, while the 
muscle of the curarized animal was allowed to rest. 
Also, the muscle treated with HC-3 was stimulated more 
than three times as long as the curarized muscle. Al- 
though the results may be due to depletion of ACh 
content from motor nerve terminals, desensitization to 
ACh by HC-3 after rapid repetitive stimulation is 
equally possible: this explanation has been used to ex- 
plain similar phenomenon in myasthenic muscle (19). 
Further comparisons of neuromuscular and ganglionic 
junctions are made in section 3 below. 


2. Effects of HC—3 at Various Rates of Stimulation 


MacIntosh et al. (42) noted that block of ganglionic 
transmission by HC-3 was relieved by reducing fre- 
quency of stimulation, which is consistent with their 
demonstration of inhibition of ACh synthesis by HC-3. 
It has been suggested that deepened depression of 
neuromuscular transmission upon increasing frequency 
of stimulation (from 1/10 sec to 1/sec) constitutes evi- 
dence for a presynaptic action of HC-3 (49). Yet, the 
same effect is observed in the presence of tubocurarine 
(59). It is known that for many postsynaptic blocking 
drugs (tubocurarine, gallamine, decamethonium, neo- 
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stigmine, and edrophonium), only one quarter of the 
dose required for paralysis at slow rates of stimulation, 
such as 1/sec, is necessary at faster rates of stimulation, 
such as 5/sec (42). Consequently, greater depression of 
neuromuscular transmission during more rapid stimula- 
tion does not distinguish between presynaptic and post- 
synaptic actions of HC-3. 


3. Interaction of HC—3 with Other Drugs 


Several attempts have been made to determine the 
site of action of HC-3 by testing the antagonism of other 
drugs. The in vivo toxicity of HC-3 to mice is counter- 
acted by eserine or choline (51), and neuromuscular 
block in rabbits is counteracted by neostigmine or 
choline (49). In the present experiments with guinea 
pigs eserine was ineffective in preventing death, but it 
did partially reverse neuromuscular block. Species 
differences may account for the discrepancy in toxicity. 
These results are compatible with each other and with a 
postsynaptic site of HC~3 action, since eserine and neo- 
stigmine are well-known antagonists of tubocurarine 
and of similar drugs (17). Eserine does not depress 
ACh synthesis in nerve-muscle preparations (53) as it 
does in sympathetic ganglia; this depression was attribu- 
table there to loss of choline (47). Finally, the reversal 
of HC-3 block of neuromuscular transmission in rabbits 
by choline (49, 50) need not implicate a presynaptic 
action of HC-3 (40, 41) as tubocurarine block in cats 
can be relieved by the same dose of choline (28). 

Differences between rates of utilization of choline in 
cat sympathetic ganglia and guinea pig muscles, as well 
as differences in choline content, may account for the 
lack of action of HC-3 on ACh synthesis in the present 
experiments. The supply of choline appears to limit 
ACh synthesis in superior cervical ganglia, whereas it 
does not do so at neuromuscular junctions. ACh output 
from perfused sympathetic ganglia is increased by addi- 
tion of choline to the perfusion fluid (g), and choline is 
rapidly utilized by the cat’s superior cervical ganglion: 
more than a quarter of the choline added to perfusing 
blood plasma is removed in one trip through the gan- 
glion (40). In contrast, the addition of choline to Krebs’ 
solution irrigating rat diaphragm fails to increase ACh 
output (53). If sufficient choline is present in guinea 
pig motor nerve terminals to maintain maximal ACh 
synthesis, then HC-3 would not likely depress such 
synthesis by inhibiting choline transport. This may 
indeed be the case: guinea pig’s muscle contains five 
times as much choline as rat’s or rabbit’s muscle (30) 
and guinea pig blood contains ten times as much choline 
as cat’s or rat’s blood, and five times as much as rabbit’s 
blood (2, 29). 


4. Toxicity of HC—3 and Doses Required 
for Neuromuscular Block 


The estimated LDs59 of HC-3 for guinea pigs (0.5 
mg/kg), similar to that for rats (0.45 mg/kg; ref. 52), 
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fits the relationship suggested by Schueler (51): decrease 
of HC-3 toxicity as size of species increases. Choline 
antagonizes HC-3 toxicity less effectively for guinea 
pigs than for mice, whereas eserine is ineffective (Table 
1). Although choline completely counteracts ten times 
the LD59 of HC-3 for mice (51), it is completely effective 
only at doses of HC-3 that are double the LD5o for guinea 
pigs. The high concentrations of free choline present in 
guinea pig bloed and muscle may be responsible for 
this difference. Thus, on the one hand choline, but not 
eserine, can counteract HC-3 toxicity for guinea pigs. 
On the other hand eserine, but not choline, can reverse 
HC-3 neuromuscular block of in vitro preparations. 
These results suggest that neuromuscular block is prob- 
ably not responsible for HC-3 toxicity in guinea pigs. 

Schueler (51) suggested that neuromuscular block is 
not responsible for HC-3 toxicity in a variety of ani- 
mals, since 10-30 times the toxic dose of HC-3 was 
required for rapid respiratory failure and what appeared 
to be neuromuscular paralysis. Data from subsequent 
studies of the action of HC-3 on nerve-muscle prepara- 
tions in vivo, as well as in vitro, substantiate his sugges- 
tion. Injection of 20 times the LD59 of HC-3 into arti- 
ficially respired rabbits causes extreme depression of 
contractions in slowly stimulated gastrocnemius muscles 
(49). In dogs transmission to slowly stimulated muscles 
fails with about ten times the toxic dose of HC-3 
(51, 52), whereas in cats 3-6 times the toxic dose 
suffices to block transmission in rapidly stimulated 
muscles (32). Slowly stimulated muscles of cats would 
be expected to require higher doses of HC-3 for neuro- 
muscular block (cf. ref. 48). Comparisons between doses 
causing neuromuscular block in vitro and HC-—3 toxicity 
are more indirect. Yet, since Domer (1959, in ref. 52) 
showed that half an injected dose of HC-3 remains 
in the blood of rats (8% of body weight), 1 mg/kg of 
HC-3 in vivo would be equivalent to approximately 6 
mg/liter of blood in vitro. Consequently, injection of 
guinea pigs with the LDs59 (0.5 mg of HC-3/kg) may 
result in a concentration of 3 mg/liter of blood. More 
than ten times this dose, 6 X 10-* mM HC-3 or 35 mg/ 
liter, is required to produce severe block of neuromus- 
cular transmission in vitro (Fig. 1). Therefore, neuro- 
muscular block occurs at ten times the lethal dose of 
HC-3 in vitro as well as in vivo. The only effect ob- 
served in vitro with doses equivalent to the LD50 (0.5 
mg HC-3/kg or 6 X 10~* M) was depression of miniature 
epp amplitude to less than half of control values (second 
fiber, Expt. 9). Similar depression of response to released 
ACh at all neuromuscular junctions would be expected 
to cause little impairment of muscular activity since 
epp’s rise to more than three times threshold (3). The 
minor effect of toxic doses of HC-3 on neuromuscular 
transmission is additional evidence that neuromuscular 
block may not be responsible for HC-3 toxicity in guinea 
pigs. It must be borne in mind, however, that these 
data regarding quantum content (Tables 3 and 4) were 
obtained after only a few thousand nerve volleys had 
gone through the junctions. Muscles poisoned in situ may 
undergo more vigorous activity. 
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5. Comparison of the Actions of HC—3 with Other 
Neuromuscular Blocking Agents 


It has been shown in RESsULTs that HC-3 blocks neuro- 
muscular transmission by depressing postsynaptic sen- 
sitivity to ACh. Considerations have been presented 
above of the toxicity of HC-3 and its effects on different 
tissues, at various rates of stimulation, when acting alone 
or in combination with other drugs. It is now possible 
to characterize the neuropharmacology of this drug 
with regard to the nerve-muscle junction. 


a) Presynaptic actions 


NERVE BLOCK. HC-3 never impaired the conduction 
of nerve impulses, since postsynaptic responses to every 
stimulus were recorded at single neuromuscular junc- 
tions (expts. shown in Tables 3 and 4). In contrast, 
anoxia causes failure of one-to-one conduction in a 
contracting muscle subjected to rapid, indirect stimula- 
tion (34, 35; and Brooks and Thies; unpublished data); 
such failure also occurs during slow stimulation in the 
absence of glucose (Thies, unpublished data). Further- 
more, indirect excitability was maintained in the present 
experiments during stimulation of the nerve in the Krebs’ 
bath containing HC-3 (expt. 3). Apparently HC-3 has 
no action similar to procaine, which blocks nerve ac- 
tivity by increasing the threshold required for excitation 
(58). 

ACH synTHEsIs. The present studies show that HC-3 
most likely has no action on ACh synthesis at neuro- 
muscular junctions, since ACh release in vitro continues 
for many minutes in the presence of concentrations of 
HC-3, that may be ten times those causing death in 
vivo (Table 4). However, inhibition of ACh synthesis 
cannot be excluded completely by our results, since 
maintenance of the ACh content was only deduced from 
continuing ACh release (Table 4). Previous experiments 
that suggested such an action (49) are inconclusive: 
dependence of block upon frequency of stimulation and 
antagonism of block by choline are also seen in the pres- 
ence of tubocurarine (28, 59). However, inhibition of 
ACh synthesis in sympathetic ganglia by HC-3 (41, 42) 
produces failure of transmission and of ACh output, 
similar to that seen in the absence of glucose (31, 37). 
Although glucose is required for neuromuscular trans- 
mission (25), lack of glucose blocks nerve conduction 
before any effect upon ACh synthesis is detectable (Thies, 
unpublished data). HC-3 lacks general effects on ACh 
metabolism; for instance, it does not inhibit ACh syn- 
thesis in Lactobacillus plantarum or in isolated guinea pig’s 
ileum (Long, personal communication). 

ACH RELEASE. In our experiments, release of wash 
during slow stimulation in the presence of HC-3 AC 
similar to ACh release in the presence of tubocurarine 
or of HC--3 plus choline. In agreement with this result, 
no effect of HC-3 was observed on ACh release at frog 
neuromuscular junctions (44, 45). Table 3 shows that 
quantum content, reflecting ACh release, varied by one 
quarter when either drug was used. Release would have 
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to be depressed by more than four fifths before mam- 
malian neuromuscular junctions would be blocked, since 
it may be shown that normal epp’s, which rise to three 
times threshold (3), represent release of more than five 
times the ACh required for threshold responses (43). 
ACh release is severely depressed, if not abolished, by 
botulinum toxin (5, 6), by procaine (53a), by high con- 
centrations of magnesium ion (12), or by low concentra- 
tions of calcium ion (16). ACh release per impulse is de- 
creased about 30-fold by increasing the concentration of 
magnesium ions ten times in frog (13), cat (3), or rat 
(38). In contrast, quantum content at frog neuromuscular 
junctions is unaffected by tubocurarine (43). 

The paucity of evidence for presynaptic actions of 
HC-3 at guinea-pig motor nerve terminals distinguishes 
HC-3 block from that caused by anoxia, lack of glucose, 
botulinum toxin, procaine, low concentrations of calcium 
ion, or high concentrations of magnesium ion. 


b) Postsynaptic actions 


EXCITABILITY OF MUSCLE MEMBRANE. There is no evi- 
dence that HC~3 raises the threshold for excitation of 
postsynaptic membranes, as do general anesthetics or 
high concentrations of calcium and magnesium ions 
(12, 36, 46, 55). The high concentrations of magnesium 
and of calcium ions rovtinely added in experiments 12, 
13, 15 and 16 (Tables 3 and 4) permitted recording of 
epp’s as large as 9-13 mv without propagated activity, 
whether or not HC-3 was present. The threshold for 
excitation was not tested by direct stimulation from 
within single fibers, but the diaphragm muscle was di- 
rectly excitable in the presence of HC-3 (Fig. 1). 

HC-3 does not appear to depolarize the membrane, 
even transiently. Although no systematic tests were 
performed, resting membrane potentials remained con- 
stant in experiments 2, 3 and 9 during depression or oblit- 
eration of miniature epp amplitudes. Thus there is no 
analogy between the actions of HC-3 and those of 
decamethonium (11, 54). 

ANTICHOLINESTERASE ACTIVITY. HC-3 has only very 
slight action on commerically prepared bovine erythro- 
cyte cholinesterase (39). 

ACH sensitivity. The present experiments show that 
the neuromuscular block of guinea pig muscles is caused 
by depression of ACh sensitivity. Similarly, epp ampli- 
tudes are decreased at single frog junctions treated with 
HC-3, without concommitant decreases of ACh release 
or of membrane resistance (44). This type of block is 
characteristic of tubocurarine, although it also occurs 
with decamethonium (54), procaine (23, 26), pento- 
barbital (55), and high concentrations of magnesium 
ions (12). Part of our evidence rests on the demonstration 
that HC-3 depresses sensitivity to applied as well as to 
released ACh, since higher concentrations of ACh are 
required to elicit twitches in the presence of HC—3 (Table 
2). Such results must be treated cautiously because, in 
the presence of agents that depress electrical excitability, 
greater concentrations of ACh would be required to 
cause the larger responses necessary to initiate propa- 
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gated activity; as for instance in the case of depression 
of ACh sensitivity by pentobarbital (55). However, 


in the present case there is no evidence for elevation of 


thresholds to electrical stimulation. Furthermore, non- 
propagating responses to ACh applied at single junc- 
tions are decreased by HC-3, again demonstrating 
depression of ACh sensitivity per se (44, 45). Finally, 
the antagonism of the action of HC-3 by anticholin- 
esterase drugs (Fig. 2, Table 2; ref. 49), which permits 
ACh to accumulate at junctions, further demonstrates 
the similarity between the actions of HC-3 and of tubo- 
curarine at the neuromuscular junction. 


SUMMARY 
HC-3 blocks neuromuscular transmission in resting 
or active guinea pigs’ excised nerve-muscle preparations. 
The sensitivity of end-plate regions of muscles to 
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externally applied acetylcholine is decreased to less than 
1 % of normal by blocking doses of HC-3. 

HC-3 depresses the amplitude of spontaneous minia- 
ture end-plate potentials without independently chang- 
ing their frequency. 

The effects of HC-3 on neuromuscular transmission, 
miniature end-plate potentials, and ACh sensitivity are 
partially reversed by eserine, but not by choline. 

Variations of ACh release, as estimated by quantum 
content, are similar in the presence of HC-3 to those 
observed in the presence of tubocurarine or of HC-3 
plus choline. 

These experiments demonstrate postsynaptic actions 
of HC-3 at this mammalian neuromuscular junction 
in vitro. No presynaptic actions were found. 

The toxicity of HC-3 to guinea pigs is antagonized 
by choline, but not by eserine. Toxicity may not be due 
to neuromuscular block in this species. 


REFERENCES 


1. ApriANn, E. D., ano D. W. Bronx. J. Physiol., London 67: 119, 
1929. 

2. Buicu, J. J. Physiol., London 117: 234, 1952. 

Boyp, I. A., AnD A. R. Martin. J. Physiol., London 132: 74, 

1956. 

. Brooks, V. B. Science 113: 300, 1951. 

. Brooks, V. B. J. Physiol., London 123: 501, 1954. 

. Brooks, V. B. J. Physiol., London 134: 264, 1956. 

. Brooks, V. B., anp L. M. Curpman. J. Cell. Comp. Physiol. 


40: 164, 1952. 


od 


SOU 


8. Brooks, V. B., AND D. K. Myers. J. Physiol., London 116: 158, 
1952. 

g. Brown, G. L., ano W. Fetpserc. J. Physiol., London 88: 265, 
193). 


10. BiLsrinc, E. Brit. J. Pharmacol. 1: 33, 1946. 
11. Burns, B. D., anp W. D. M. Paton. J. Physiol., London 115: 
41, 1951. 
12. DEL CasTILLo, J., AND L. Encpaex. J. Physiol., London 124: 
370, 1954- ; 
13. DEL CasTILLo, J., AND B. Katz. J. Physiol., London 124: 560, 
1954 
14. DEL CastTiLLo, J., AND B. Katz. J. Physiol., London 124: 574, 
1954- 
15. DEL CastiLLo, J., AND B. Karz. In: Progress in Biophysics 
Vol. 6. London: Pergamon Press, 1956. 
16. DEL CasTILLo, J., AND L. Starx. J. Physiol., London 116: 507, 
1952. 
17. Cowan, S. L. J. Physiol., London 93: 215, 1938. 
18. CREESE, R., N. W. ScHoves, AND D. B. Taytor. J. Pharmacol. 
Exptl. Therap. 124: 47, 1958. 
19. Desmept, J. E. Nature 179: 156, 1957. 
20. DesmepT, J. E. Nature 182: 1673, 1958. 
21. Fuortes, M. G. F. In: Compte-Rendus International Neurological 
Congress, 5th, Lisbon. 4: 36, 1953. 
22. Fuortes, M. G. F. Arch. Ital. Biol. 95: 20, 1957. 
23. Furakawa, T. Jap. J. Physiol. 7: 199, 1957- 
24. Granit, R., J. E. Pascoz, anp G. Stec. J. Physiol., London 
138: 381, 1957. 
5. Haypu, I., anp R. J. S. McDowe.t. J. Physiol., London 108: 
502, 1949. 
26. Harvey, A. M. Bull. Johns Hopkins Hosp. 65: 223, 1939. 
27. Hunt, C. C. J. Physiol., London 115: 456, 1951. 
28. Hutter, O. F. J. Physiol., London 117: 241, 1952. 
29. Kanane, E., anp J. Lévy. Bull. Soc. Chim. Biol., 21: 241, 


1939. 


go. Kanang, E., anp J. Lévy. Bull. Soc. Chim. Biol. 21: 250, 1939. 

31. Kantson, G., AnD F. C. MacIntosu. J. Physiol., London 96: 
277, 1939. 

32. Kasé, Y., anp H. L. Bortson. J. Pharmacol. Exptl. Therap. 
122: 215, 1958. 

33. Karz, B. Bull. Johns. Hospkins Hosp. 102: 275, 1958. 

34. Krnyevicé, K., anp R. Mirept. J. Physiol., London 140: 440, 
1958. 

35. _Krnyevis, K., anp R. Mitepr. J. Physiol., London 149: 1, 
1959. 

36. Kurrver, S. W. J. Neurophysiol. 7: 17, 1944. 

37. LARRABEE, M. G., ano D. W. Bronx. Cold Spring Harbor 
Symposia Quant. Biol. 17: 245, 1952. 

38. Litey, A. W. J. Physiol., London 133: 571, 1956. 

39. Lone, J. P., anp F. W. ScHuecer. J. Amer. Pharm. Assoc. 
(Sci. Ed.) 43: 79, 1954. 

40. MacIntosn, F. C. Can. J. Biochem. and Physiol. 37: 343, 1959. 

41. MacInrtosu, F. C., R. I. Birks, anv P. B. Sastry. Nature 
178: 1181, 1956. 

42. MacIntosn, F. C., R. I. Brrxs, anv P. B. Sastry. Neurology 
8, Suppl. 1: go, 1958. 

43- Martin, A. R. J. Physiol., London 130: 114, 1955. 

44. Martin, A. R., anno R. K. Orxanp. Can. J. Biochem. and 
Physiol. 39: 343, 1961. 

45. OrkKanp, R. K., ano A. R. Martin. Federation Proc. 18: 430, 
1959- 

46. Pau, D. H. J. Physiol., London 151: 566, 1960. 

47. Perry, W. L. M. J. Physiol., London 119: 439, 1953. 

48. Preston, J. B., AnD E. F. VAN MAAnen. J. Pharmacol. Expil. 
Therap. 107: 165, 1953. 

49. Reitzet, N. L., ano J. P. Lone. Arch. Intern. Pharmacodynamie 
11Q: 20, 1959. 

50. Reirzet, N. L., ano J. P. Lone. J. Pharmacol. Exptl. Therap. 

127: 15, 1959. 

1. SCHUELER, F. W. J. Pharmacol. Exptl. Therap. 115: 127, 1955. 

2. SCHUELER, F. W. Int. Rev. Neurobiol. 2: 77, 1960. 

53. STRAUGHAN, D. W. Brit. J. Pharmacol. 15: 417, 1960. 

53a. STRAUGHAN, D. W. J. Pharm. Pharmacol. 13: 49, 1961. 

54. THesterr, S. Acta Physiol. Scand. 34: 386, 1955. 

. THEsLeFF, S. Acta Physiol. Scand. 37: 335, 1956. 

. THesteFF, S. J. Physiol., London 148: 659, 1959. 

. Tues, R. E. Physiologist 3 (No. 3): 163, 1960. 

. Toman, J. E. P. Pharmacol. Revs. 4: 168, 1952. 

. Wistickt, L. Brit. .7 Pharmacol. 13: 138, 1958. 


ow oo or 
on DU 


© 











ae eee ee ae 


a -— oe te a hU6ok. oe 


A> 


l€@ 20 
han 


lla- 
ng- 


on, 
are 
um 
ose 


3 


ons 
ion 


zed 
due 


939. 
96: 


rap. 


440, 


bor 


SSOC. 


959: 


ature 


logy 


and 


£30, 


“pil. 
umie 
rap. 


955: 





Postsynaptic action of HC-3 on 


neuromuscular transmission’ 


A. R. MARTIN AND R. K. ORKAND? 
Departments of Physiology and Pharmacology, University of Utah College of Medicine, Salt Lake City, Utah 


a ntnanins NO. 3 (HC-3) has been shown to inter- 
fere with cholinergic transmission at several sites in the 
peripheral nervous system. In particular, the experi- 
ments of MacIntosh et al. (7, 8) provided evidence that 
the principal action of the compound in perfused 
sympathetic ganglia is to reduce acetylcholine (ACh) 
synthesis. Subsequently, Reitzel and Long (13) dem- 
onstrated that HC-3, in doses of the order of 0.2 
mg/kg, produced neuromuscular block during repetitive 
nerve stimulation in vivo, provided the frequencies of 
stimulation were greater than 1 per sec. The effects of 
the compound were antagonized by choline in both 
cases, and it was concluded that its action at the neuro- 
muscular junction was similar to that at the ganglion. 
However, similar dependence of neuromuscular block 
on stimulus frequency has been observed by Preston and 
Van Maanen (12) with a variety of postsynaptic blocking 
agents, and Hutter (6) has shown that neuromuscular 
block produced by curare may be relieved by choline. 

The experiments to be presented here and those of 
Brooks and Thies (1, 2) indicate that the compound has, 
in common with other quaternary ammonium ions, a 
postsynaptic blocking action at the neuromuscular junc- 
tion of both frogs and mammals. It was observed by 
Brooks and Thies that this action was not antagonized 
by choline, and the present experiments indicate that 
when neuromuscular transmission is blocked by HC-3, 
the end-plate potential (epp) is, in fact, further reduced 
in amplitude by the addition of choline to the bathing 
solution. These results are probably analagous to the 
effects observed by Reitzel and Long with higher doses 
of HC-3 (about 5 mg/kg). Some of the present results 
have been presented previously (10, 11). 


METHODS 


The usual techniques were employed for intracellular 
recording of epp’s, for the production and recording of 
electrotonic potentials, and for the iontophoretic applica- 
tion of ACh to the end-plate regions of muscle fibers 
(4, 5). The m.ext.l. dig. IV of the frog (Rana pipiens) 
was dissected with its nerve supply intact and immersed 
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in Ringer’s solution of the following composition: 115 
mM NaCl, 2.0 mm KCl, 1.8 mm CaClo. The end-plate 
response was reduced below threshold for the initiation 
of a propagated action potential either by adding 0.5- 
3.0 X 10-° M d-tubocurarine (DTC) to the bath, or by 
replacing an osmotically equivalent amount of NaCl 
with 8-12 mm MgCl». Nerve stimulation was restricted 
to less than six shocks per minute. 

Most of the experiments with choline were performed 
by recording extracellularly from the end-plate region 
of the isolated frog sartorius muscle with a platinum 
electrode, an indifferent electrode being in contact 
with the pelvic end of the muscle. Results so obtained 
were confirmed by intracellular recording, as described 
above, or by similar intracellular recording from the 
tenuissimus muscle of the cat. 


RESULTS 


Postsynaptic blocking action of HC—3. The records in Fig. 
1 A were obtained from a neuromuscular junction 
blocked by the addition of 8 mm Mg to the bathing solu- 
tion. Those in B were obtained from the same junction 
after the addition of 3 X 10-*M MC-3, the Mg concentra- 
tion remaining unchanged. Upon the addition of HC-3 
the amplitude of the epp was reduced, and its falling 
phase greatly prolonged. In both A and B the first record 
is the largest, the third is the smallest, and the second is 
the mean of the series from which they were obtained. 
Although the number of epp’s in each series was small 
(30-50), an estimate of the coefficient of variation of the 
amplitude distribution was obtained. This is a measure 
of the variation in amplitude of successive epp’s, and is 
given simply by the standard deviation divided by the 
mean. An increase in coefficient of variation would in- 
dicate a decrease in mean quantum content of the epp’s 
(3, 9). As suggested by the figure, the relative spread of 
the amplitudes, and hence the coefficient of variation, 
appeared unchanged, indicating that the quantum 
content was unaltered by the addition of the HC-3. 
This was confirmed in one experiment in which 200 
epp’s were recorded from a single junction, both before 
and after the addition of HC-3 to the bath. Although 
the mean amplitude of the epp’s was approximately 
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FIG. 1. Effect of HC-3 on amplitude and time course of epp’s 
recorded from a fiber in which neuromuscular transmission was 
blocked by increasing Mg concentration in bathing solution to 8 
mo. A: control records; B: 3 X 10~'m HC-3 added to bath. Note 
reduction in amplitude and prolongation of falling phase. Calibra- 
tions: 5 mv, 50 msec. 

FIG. 2. End-plate potentials (first column) and ACh potentials 
(second column) recorded from a single junction blocked with 
10.5 mM Mg. Note reduction in amplitude of both potentials and 
prolongation of ACh potential as HC-3 concentration is increased. 
Calibrations: 5 mv, 0.2 sec. 

FIG. 3. Effect of HC-3 on epp and electrotonic potential. A: 
neuromuscular transmission blocked with 7 X 10M DTC, 
electrotonic potential produced by passing 4.5 X 1078A through 





halved in the presence of HC-3, the quantum content 
remained unchanged. 

The lack of any change in quantum content suggests 
that the action of the drug is on the end-plate receptors 
rather than on the nerve terminals. However, these 
results are far from conclusive, since the possibility of a 
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the membrane. Electrode separation 45 yu. B: 10~'m HC-3 added 
to bath, all other conditions unchanged. Epp amplitude is reduced, 
electrotonic potential unaltered. Calibrations: 5 mv, 50 msec. 

FIG. 4. Effects of choline on neuromuscular transmission. 4: 
extracellular records from end-plate region of frog sartorius 
muscle; transmission blocked with 2.8 X 10~6m DTC. Control 
records taken before addition and after removal of 107%m choline 
to the bathing solution. Note slight increase in amplitude when 
choline is present. B- similar series recorded intracellularly from 
a single fiber of the tenuissimus muscle of the cat. Amplitude 
increase is more marked than in A. C: extracellular records from 
frog sartorius ; transmission blocked with 10.5 mm Mg. Note reduc- 
tion in epp amplitude in presence of choline. Calibrations: 1 mv, 
10 msec. 


reduction in the size of the quantum, or “packet” of ACh 
has not been ruled out. Indeed, the production of such 
a change in “packet” size by a compound known to 
interfere with ACh synthesis would hardly be surprising. 
A more crucial test of its site of action is to determine 
whether it produces any change in sensitivity of the 
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motor end-plate to applied ACh. Such an experiment is 
illustrated in Fig. 2. Records were taken simultaneously 
of the epp and the “ACh potential” produced by the 
iontophoretic application of ACh to the end-plate from 
a micropipette. Neuromuscular transmission was blocked 
by increasing the Mg concentration in the bath to 10.5 
mo. In the first control the epp amplitude was about 4 
mv, and the amplitude and duration of the current pulse 
through the ACh electrode was adjusted to give an 
ACh potential of similar magnitude (currents used were 
of the order of 5 X 1077 A for about 5 msec). When 
10 * M HC-3 was added to the bath there was a slight 
reduction in the amplitudes of both potentials. In addi- 
tion, the durations of both the ACh potential and the 
falling phase of the epp were prolonged. On washing 
out the HC-3, both potentials returned to their original 
size and time-course. Increasing the HC-3 concentra- 
tion to 5 X 10-* M produced a more marked reduction 
in amplitude and a greater effect on the time course of 
both potentials. The results of three such experiments 
are summarized in Table 1. In each case the reduction 
in amplitude of the epp is similar in magnitude to that 
of the ACh potential. 

Before concluding that the observed action of HC-3 is 
on the motor end-plate it is necessary to show that it 
does not have a more general effect on the muscle fiber 
membrane. For example, the observed reduction in 
epp amplitude might be due to a decrease in membrane 
resistance. This possibility was tested by inserting a 
second micropipette into the fiber and passing rectangu- 
lar current pulses through the membrane. The resulting 
electrotonic potentials were recorded before and after 
the addition of HC-3. For purposes of illustration, epp’s 
were recorded simultaneously as shown in Fig. 3. Al- 
though the concentration of HC~-3 used was sufficient 
to reduce the amplitude of the epp by about 40%, there 
was no effect on the electrotonic potential, indicating 
that the passive electrical properties of the fiber were 
unaltered. 

Effects of choline. The absence of any reversal by choline 
of neuromuscular block produced by HC-3 observed 
by Brooks and Thies (2) is in contrast with the results of 
Reitzel and Long, and those obtained by Hutter in 
preparations blocked by curare. In an attempt to deter- 
mine the nature of the discrepancy, the effects of choline 
on epp amplitude were examined in muscles blocked 
with DTC, Mg, and HC-3. Extracellular records from 
the motor end-plate region of the sartorius muscle of the 


TABLE 1. Effect of HC-3 on Amplitudes of epp’s 





and ACh Potentials 

Control HC-3 % Reduction 

Fiber — rm i oe 
é* (mv) Vt(mv) Concn. (M) i (mv) V (mv) a V 

I 6.1 4-1 ix 10° 5.4 3.5 Il 15 
I 6.1 4.1 BOK”. Re 1.0: (G0 56 
2 6.6 2.5 CIS - are 1.4 43 44 
3 5.1 2.5 CRI 16g 0.6 76 76 


* Mean amplitude of epp. + Mean amplitude of ACh 


potential. 
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FIG. 5. Effect of choline in presence of HC-3. Extracellular 
records from frog sartorius. Transmission blocked by addition of 
5 X 10°-'m HC-g to bathing solution, plus 4 mm Mg. Epp ampli- 
tude is reduced by addition of 10~*m choline. Calibrations: 1 mv, 
10 msec. 


frog are shown in Fig. 4 A. Neuromuscular transmission 
was blocked by the addition of 2.8 X 1o~*m DTC to 
the bathing solution. Bathing the preparation for 20 
min in the same solution containing, in addition, 10~* 
M choline produced a small (about 10 %) but consistent 
increase in epp amplitude. On washing out the choline, 
the amplitude returned to the previous control value. 
These results are typical of those obtained with extra- 
cellular recording from a large group of end-plates. When 
recording intracellularly from the end-plate regions of 
single fibers, amplitude changes ranged from zero to 
increases of greater than 30%. One such large increase 
is shown in the records of Fig. 4 B, taken from a single 
fiber in the tenuissimus muscle of the cat. These results 
are in sharp contrast with those obtained when neuro- 
muscular transmission is blocked by 10.5 mm Mg. As the 
extracellular records of Fig. 4 C indicate, the addition 
of choline always produced a decrease in epp amplitude. 
The experiments reported here are in agreement with 
those of Hutter (6), and illustrate the dual action of 
choline at the neuromuscular junction: a) it increases the 
amount of transmitter reaching the end-plate receptors, 
and b) it acts as a postsynaptic blocking agent. The 
second action is apparently dominant, except when the 
end-plate receptors are ‘“‘protected”’ by the presence of 
another postsynaptic blocking agent such as DTC. 

Fig. 5 illustrates the effect of choline on epp amplitude 
when neuromuscular transmission is blocked by 5 X 
10-4 M HC-3. Since complete block was not obtained 
with the compound, a small amount of Mg (4 mm) was 
added to the bathing solution. Again, the addition of 
choline resulted in a decrease in epp amplitude, the 
effect being indistinguishable from that ohserved in the 
Mg-blocked preparation. It appears, then, that although 
the block of neuromuscular transmission produced by 
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HC-3 in these concentrations is postsynaptic, the com- 
pound is ineffective in protecting the neuromuscular 
junction from the additional blocking action of choline. 


DISCUSSION 


These results, together with those of Brooks and Thies, 
clearly demonstrate a postsynaptic action of HC-3 at 
the neuromuscular junction. They are not, however, in 
conflict with previous reports that the principal action 
of the drug is on ACh synthesis. Such an action would 
not have been revealed by the present experiments, 
since the low frequencies of stimulation would not be 
expected to deplete the ACh stores during the period of 
an experiment, particularly in the Mg-treated prepara- 
tions. 

Since the neuromuscular blocking action observed 
by Reitzel and Long with low doses of HC-3 was antag- 
onized by choline, their conclusion that the effect was 
not postsynaptic would appear to be correct. As shown 
by the present experiments and by those of Brooks and 
Thies, choline does not antagonize the postsynaptic 
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block produced by HC-3. On the other hand, failure of 
neuromuscular transmission due to inhibition of ACh 
synthesis might conceivably be reversed by choline, 
in spite of its own postsynaptic blocking action. 


SUMMARY 


Effects of hemicholintum No. 3 (HC-3) on neuro- 
muscular transmission have been studied, using both 
intracellular and extracellular recording techniques on 
isolated frog’s nerve-muscle preparations. Concentrations 
of HC-3 greater than 10~° m decreased the amplitudes 
of end-plate potentials and potentials produced by ionto- 
phoretic application of acetylecholine to the neuro- 
muscular junction. Since the magnitude of the effect is 
similar for both potentials, it is concluded that in these 
concentrations HC-3 acts on the motor end-plate rather 
than on the nerve terminals. This postsynaptic action 
is not antagonized by choline. 


We are indebted to Dr. K. K. Chen of Eli Lilly and Company 
for a supply of HC-3. 


REFERENCES 


1. Brooks, V. B. anp R. E. Tures. This symposium. 

2. Brooks, V. B. AnD R. E. Tues. Cited in Schueler, F. W. 
Intern. Rev. Neurobiol. 2: 77, 1961. 

. CastILLo, J. DEL, AND B. Katz. J. Physiol. 124: 553, 1954. 

. CastILLo, J. DEL, AND B. Karz. J. Physiol. 128: 157, 1955. 

Fatt, P. anp B. Katz. J. Physicl. 115: 320, 1951. 

Hutter, O. F. J. Physiol. 117: 241, 1952. 

. MacIntrosn, F. C., R. I. Brrxs, Anp P. B. Sastry. Nature 
187: 1181, 1956. 

8. MacIntosn, F. C., R. I. Birks, ano P. B. Sastry. Neurology 
8: Suppl. 1: go, 1958. 


Dp Ow 


~I 


g. Martin, A. R. J. Physiol. 130: 114, 1955. 

10. Martin, A. R. ano R. K. Orxkanp. Can. J. Biochem. Physiol. 
39: 343, 1961. 

11. ORKAND, R. K. ano A. R. Martin. Federation Proc. 18: 439, 
1959- 

12. Preston, J. B. AnD E. F. Van Maanen. J. Pharmacol. Expil. 
Therap. 107: 165, 1953. 

13. Rerrzer, N. L. ano J. P. Lona. Arch. intern. pharmacodynamie. 
119: 20, 1959. 








SS na 


Ss = 


mé 20 


re of 
ACh 
line, 


uro- 
0th 
; on 
ions 
ides 
nto- 
uro- 
pt as 
hese 
ther 
tion 


pany 


yszol, 
43°, 
‘xpi. 


amie. 





Hemicholiniums: structure activity relationships 
and actions on the peripheral nervous system’ 


j. ?. LONG 
Department of Pharmacology, College of Medicine, State University of Iowa, Iowa City, Iowa 


Ries AND SCHUELER (8) reported a series of biphenyl 
derivatives that were potent cholinesterase inhibitors. 
One of the compounds, which is referred to subsequently 
as hemicholinium (HC-3), was noted to be an extremely 
toxic material, following intraperitoneal injection in 
mice. Even though this substance was an analogue of 
compounds showing very prominent cholinesterase 
inhibition, it was found to lack this activity. The com- 
pound was reported originally to be devoid of action at 
the neuromuscular junction (8) in experiments using 
the sciatic nerve gastrocnemius muscle preparation in 
the cat. The nerve was stimulated once every 10 sec 
using single shock. Studies, to be discussed later in this 
paper, demonstrate that hemicholinium does have ac- 
tivity at the neuromuscular junction when higher fre- 
quencies of stimulation are used. The compound also 
has been demonstrated by MacIntosh and co-workers 
(10-12) to reduce the amount of acetylcholine in a per- 
fused ganglia as well as virtually to deplete the acetyl- 
choline in the perfusate obtained from the ganglia. 
More recent studies indicate that the compound also 
produces transmission failure at the postganglionic 
parasympathetic and sympathetic nervous systems. The 
mechanism of action of hemicholinium-like compounds 
remains to be further clarified, but the work of Mac- 
Intosh and co-workers suggests that these compounds 
may interfere with the synthesis of acetylcholine, or that 
they may be involved in preventing the release of acetyl- 
choline from the nerve terminals at cholinergic sites. 
The inhibitory effect on the sympathetic nervous systems 
probably involves the nerve terminal. Hemicholinium 
(HC-3) appears to be an unusual compound, in that it 
can produce inhibition at all sites of transmission in 
the peripheral nervous system as well as various actions 
in the central nervous system (7, 17, 18). 


CHEMISTRY OF HEMICHOLINIUM 


Long and Schueler (8) reported the synthesis of the 
original compound and the synthesis is shown below: 


‘Supported in part by a grant from the U. S. Public Health 
Service Grant No. B-1396. 
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7 O 
— \ + 2BrCH.C a 
cai ree. CH, 
BrCH.C— Y cpr —X’SHOCH.cH: 
CH, 
SE E> <6 ia 
HOCH,CH,N~-CH.C- \_CH'N—CH.CH.OH 
CH, CH; 
2Br- 


The compound was reported originally as the open 
chain type structure shown above. Schueler (18) demon- 
strated that the compound undergoes a hemiacetal type 
rearrangement and the final structure is shown below: 


2Br- 
OH ad OH 
cx \X K-C 

ca, cm fb} 0 CH, CH; 

\ Bee 

N+ CH CH, +N” 

ar \ if af ened 
CH; CH, CH. CH; 


On the basis of this structure Schueler (18) suggested 
the name hemicholinium. From a chemical point of view 
this is a rather unusual structure. Although rearrange- 
ments with tertiary analogues have been reported, this 
is perhaps the first report of this rearrangement involv- 
ing a quaternary. 

The material is obtained as a white cystalline solid 
and, depending on the solvent used for crystallization, 
the substance shows two different melting points, one at 
180°C and the other at 220°C. These different materials 
may represent different isomers that are possible or 
possibly different crystalline forms. However, biological 
assay indicates no difference in the activity of these 
two compounds. 


ANALOGUES OF HEMICHOLINIUM 


When the dimethylaminoethanol moiety is replaced 
by pyridine or picoline, compounds are obtained that 
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possess as much as 100 times the activity of neostigmine 
methylsulfate when evaluated as inhibitors of bovine 
erthrocyte cholinesterase (8). These compounds do not 
demonstrate the myoneural inhibiting properties ob- 
served with HC-3. Schueler (18) evaluated various 
alkyl, alkanol, and heterocyclic analogs, and the most 
active compounds were the dimethyl or diethylamino- 
ethanol derivatives. He also reported that the phenacyl 
analogue (15 of the HC-3) was inactive. 

Marshall and Long (13) have reported on various 
analogues of hemicholinium. These structural modifica- 
tions have involved both alterations in the cationic 
heads as well as modification of the biphenyl nucleus. 
These investigators reported a series of compounds in 
which both the cationic head and biphenyl] nucleus were 
altered. The biphenylmethane, biphenyl ether, and 
benzidine analogues of hemicholinium were observed 
to be less active. It was demonstrated that with these 
agents there was an increase in cholinesterase inhibiting 
activity in comparison with the parent compound. Bi- 
phenyl analogues of pyridyl-2-carbinol possessed both 
cholinesterase inhibiting and HC-3-like activity. 

Powers et al. (14) have synthesized recently three new 
aliphatic analogues of HC-3 which were  bisamino 
derivatives of n-decane-2-g-dione. The amino sub- 
stitutions were with trimethylamine, dimethylamino- 
ethanol, and pyridine. Only the alkanol derivative 
demonstrated HC-3-like activity. Therefore, it appears 
that the original compound is still the most active of the 
series of substances having a hemicholinium action. 
Further studies are required, if one hopes to obtain 
compounds that are more selective in their site of action. 

Therapeutic application, of course, might be possible 
for compounds relatively selective for the somatic 
nervous system. Selective blockade of parasympathetic 
or sympathetic nervous system or both, would also offer 
interesting therapeutic possibilites. 


TOXICITY 


Intravenous toxicity in animals has been studied in a 
variety of species. In mice, the LD5o’s reported vary from 
20-75 ug/kg. In larger species of animals the compound 
appears to be less toxic. The LDso in rabbits in 260 yg/ 
kg. In cats the approximate LD59 is 300 ug/kg., and in 
the dog, 750 ug/kg. The appearance of signs of toxicity 
is interesting in laboratory animals. In all species the 
onset of action is rather slow. For example, rabbits 
appear normal for about 10-15 min following the 
intravenous administration of the compound. Then 
there is a gradual depression of respiration and difficulty 
in locomotion. If the animals have received a lethal dose 
of the compound, death usually occurs in about 45 min 
following the administration of the compound. If the 
animal survives, recovery is rather slow and 2 to 3 
hours are required before the animals appear normal. 
In larger species of animals, for example, the dog, the 
onset of action is even slower and the time for death is 
much more delayed than it is for the smaller species. 
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Giovinco (6) demonstration that motor activity in- 
fluenced the LD5o in mice. Increasing motor activity in 
the animals increased the LD59. Depression of the 
animals by pretreatment with barbiturates decreased 
the LD5o. 


ANTIDOTES FOR TOXICITY 

Schueler et al. (17) and Schueler (18) reported that 
choline was an effective antagonist for hemicholinium 
poisoning. Reitzel and Long (15, 16) confirmed this 
original report and studied a series of choline analogues 
for their ability to antagonize hemicholinium toxicity. 
Various analogues of choline were shown to be ineffective 
as antagonists to hemicholinium induced _ toxicity, 
although various choline esters were antagonistic. 
However, if the animals were pretreated with a cholin- 
esterase inhibitor, thus preventing the hydrolysis of 
choline ester, the choline esters did not antagonize 
hemicholinium toxicity. Therefore, it was suggested 
that the choline moiety is relatively specific as an 
antidote. Choline was capable of preventing death in 
dogs that received up to 60 mg/kg of hemicholinium. 
Giovinco (6) reported that physostigmine had some 
antagonistic effect against hemicholinium _ toxicity. 
This marked antagonism by choline is perhaps suggestive 
that these compounds may be acting by interference 
with the choline portion of the cholineacetylase system, 
or perhaps interfering with choline transport into the 
enzyme system. 


ACTION AT THE MYONEURAL JUNCTION 


As noted in the introduction, the hemicholiniums do 
not produce failure in transmission when somatic nerves 
are stimulated at slower frequencies. When the nerves 
are stimulated with fast frequencies or with interrupted 
tetanic stimulation, the hemicholinium is an extremely 
active neuromuscular blocking agent (9, 15). At a 
frequency of stimulation of 1 per sec, the EDs» for neuro- 
muscular blockade in the rabbit sciatic nerve-gastroc- 
nemius muscle preparation is approximately 40 ug/kg. 
The onset and duration of action closely parallels 
observable signs in unanesthetized rabbits reported 
above in the section under toxicity. When the frequency 
of single shock stimulation is 1 per sec, the latent period 
was approximately 10-15 min, following the intravenous 
administration of hemicholinium. Maximal blockade 
occurs in 40-60 min after the injection, followed by a 
gradual return back to control contractions. With 
interrupted tetanic stimulation the activity of the com- 
pound was increased markedly. Using interrupted tetanic 
stimulation with a frequency of 250 per sec, the EDs9 
was approximately 3 wg/kg. Under these conditions the 
duration of action was much longer and often the 
preparation required at least 7-8 hr to return to control 
levels. Additional studies indicated that very large 
doses, 2-4 mg/kg, produced almost immediate neuro- 
muscular blockade. The blockade produced by these 
large doses was reversed readily by neostigmine bromide, 
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hence indicating that the mechanism involved was a 
“curare” type of action. Choline was observed to be a 
very effective antagonist at the neuromuscular junction. 
The higher alkyl analogues of choline were observed to 
be relatively poor, or inactive, as antagonists to hemi- 
cholinium-induced neuromuscular blockade (16). 

Hemicholinium was evaluated using the sciatic nerve- 
gastrocnemius muscle preparation in the chicken. In 
this preparation the compound decreases induced 
contractions, and the response looks quite similar to that 
obtained with d-tubo-curarine chloride. However, the 
contracture induced by the intravenous administration 
of acetylcholine is not antagonized by hemicholinium. 
This is further evidence that the mechanism of action is 
different from that of the classical competitive neuro- 
muscular blocking agents. Hemicholinium in concen- 
trations up to 10~*m did not produce contraction of the 
frog rectus abdominus muscle, neither was there anta- 
gonism or potentiation of the contracture obtained with 
acetylcholine (15). This is additional evidence that the 
mechanism of action is different than the classical 
neuromuscular blocking agents. Desmedt (2, 3) has 
demonstrated that HC-3 produced “‘posttetanic ex- 
haustion” in cats anesthetized with chloralose. This 
effect closely resembles the “‘posttetanic exhaustion” 
observed in myasthenic patients, an effect different from 
that observed with curare. Gesler et al. (5) have reported 
a series of compounds that possess properties similar to 
those discussed above. 


ACTION ON THE PARASYMPATHETIC NERVOUS SYSTEM 


Wilson and Long (19) reported that the compound 
was effective in blocking saliva formation following 
stimulation of the chorda tympani nerve. The ED59 in 
this preparation was approximately 10 ug/kg. With 
higher frequencies of stimulation, the compound became 
more effective in producing transmission failure. Intra- 
venous administration of postganglionic parasympathetic 
stimulants, such as acetyl 8-methylcholine, produced as 
much saliva, following hemicholinium, as was produced 
prior to the administration of the compound. In this 
respect, the action on the parasympathetic nervous 
system appears to be similar to that discussed above for 
the somatic nervous system. The muscarinic receptors 
appear to be unaltered by the compound. On these 
preparations the antagonistic action of choline was not 
as definite as discussed above for the myoneural junction. 
The large doses of choline required to antagonize HC-3 
were of such magnitude that direct muscarinic effect 
could have been the explanation of the increased forma- 
tion of saliva. Unpublished observations from our 
laboratory show that the compound possesses similar 
activity in blocking contractions following vagal stimula- 
ation of the small intestine and colon, in blocking the 
contraction of the urinary bladder, following pelvic 
nerve stimulation, and in blocking the miotic effects of 
preganglionic or postganglionic ciliary nerve stimulation. 
It was also observed that topical application of HC-3 to 
the eye produced mydriasis. The pupillary response is 
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similar to that observed with atropine sulfate, but in 
mice HC-3 is about 1499 as active as atropine. However, 
the postganglionic parasympathetic stimulating agents 
are effective in producing miosis, following maximal 
mydriasis induced by hemicholinium. In a series of ten 
rabbits it was observed that hemicholinium was capable 
of lowering intraocular pressure in these animals, in 
contrast to the increase in intraocular pressure that one 
observes following the instillation of atropine sulfate. 
Chang and Rand (1) demonstrated that HC-3 was 
capable of blocking the response to nerve stimulation in 
various isolated organ preparations. HC-3 produced 
inhibition in the vagus-isolated rabbit atria and the 
parasympathetic innervation of the isolated rabbit 
vagina. 


GANGLIA 


MacIntosh and co-workers (10-12) have demon- 
strated that HC-3 added to the perfusing solution 
depletes the acetylcholine found in a perfused cervical 
sympathetic ganglia. Wilson and Long (19), using in 
vivo experiments, failed to observe inhibition of the 
splanchnic nerve-adrenal gland preparation. With the 
nictitating membrane preparation of the cat, HC-3 
rendered the membrane unable to remain in a contracted 
state during nerve stimulation. 


POSTGANGLIONIC SYMPATHETIC NEUROEFFECTOR JUNCTION 


Chang and Rand (1) demonstrated inhibition of the 
electrical stimulated sympathetic nerves in the following 
preparations: vas deferens, rabbit uterus, rabbit colon, 
perfused rabbit ear, and isolated cat atria. Choline was 
partially effective in antagonizing the inhibition in these 
preparations. Chang and Rand (1) have suggested that 
their results may support their hypothesis that acetyl- 
choline may be involved in the liberation of norepineph- 
rine. In this laboratory we have observed inhibition in 
vivo of contractions of the urinary bladder induced by 
hypogastric nerve stimulation. Also, there is inhibition 
of postganglionic sympathetic nerve stimulation in the 
dog fore limb not accompanied by an inhibition of 
vasoconstriction produced by tyramine. In some respects, 
the effect of HC-3 on the sympathetic nervous system 
resembles bretylium, but the mechanism of action 
remains to be established. 


MISCELLANEOUS OBSERVATIONS 


MacIntosh (10) and Gardiner (4) have reported that 
HC-3 produces inhibition of rat brain cholineacetylase. 
Lactobacillus plantarum have been demonstrated to 
have the capacity to synthesize acetylcholine. Various 
studies on this bacteria, in this laboratory, have failed to 
demonstrate any inhibition of acetylcholine synthesis. 
The compound in concentrations of approximately 
10° m has the ability to produce degeneration in 
planaria. It has approximately the same activity as 
atropine sulphate in producing degeneration. In concen- 
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trations of approximately 10~° M, tadpoles and various 
species of fish become paralyzed after several hours 
exposure to the compound. It has been observed that 
frogs can tolerate very large doses of the compound 
(up to 10.0 mg/kg) without any apparent adverse effect. 


SUMMARY 


Compounds of the hemicholinium class have been 
demonstrated to produce neuromuscular blockade as 
well as inhibition at various sites in the autonomic 
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nervous system. All experiments indicate that these 
compounds are acting on either preganglionic or post- 
ganglionic nerve terminals, and that inhibition of 
transmission is by a different mechanism than reported 
for other types of autonomic agents. The mechanism of 
action for these compounds is not known, and further 
studies on the biochemical level must be completed. The 
compounds do not appear to be particularly selective in 
their site of action, and further synthetic work will be 
required to produce compounds that will be more 
selective in their site of action. 
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Pharmacology of 3,6 bis (3-diethylaminopropoxy) 


pyridazine bis-methiodide, a 


hemicholinium-like agent 


R. M. GESLER! AND JAMES O. HOPPE 


Pharmacology Section, Sterling Winthrop Research Institute, Rensselaer, New York 


iw PRECEDING PAPERS of this symposium have dealt 
with the unusual pharmacologic properties of HC-3 and 
related hemicholiniums at various neuro-effector sites. 
Another compound, a structurally dissimilar bisquater- 
nary pyridazine, 3,6 bis (3-diethylaminopropoxy) 
pyridazine bismethiodide (Win 4981) has been shown 
to share some of the effects of HC-3, at least at the 
neuromuscular junction. 

The initial studies on Win 4981 emphasized the 
peculiar pattern of neuromuscular blockade produced, 
and the pharmacologic differences between this agent 
and d-tubocurarine and decamethonium (8, g). Although 
no obvious explanation for these unique properties of 
Win 4981 could be offered at the time, a prejunctional 
site of action was not considered likely in view of the 
demonstrable postsynaptic effects of this compound. 
It was not until the studies by Long and coworkers (14, 
22, 23) showing some striking resemblances between Win 
4981 and HC-3, and the studies by MacIntosh et al. 
(1, 16-18) strongly suggesting a presynaptic site of 
action for HC-3, that this investigation of Win 4981 
was extended to test this possibility with respect to its 
actions (10). These additional studies revealed other 
effects which these two compounds apparently have in 
common. 

In this review of the pharmacology of Win 4981, its 
properties will be compared or contrasted to those of 
HC-3, d-tubocurarine, and decamethonium wherever 
possible; these compounds serving as a frame of refer- 
ence. It is recognized that in so doing, there will be some 
repetition of certain areas specifically covered by other 
participants in this symposium. 


NEUROMUSCULAR BLOCKING PROPERTIES 


Activity of some bis-quaternary pyridazines. Win 4981 was 
originally selected from a large series of bis-quaternary 
pyridazines prepared by Steck et al. (28), which were 
screened for neuromuscular blocking activity (8). For 


1 Present address: Pharmacology Section, Baxter Laboratories, 
Inc., Morton Grove, IIl. 
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this purpose the mouse inclined screen procedure and 
the cat sciatic-gastrocnemius preparation were used. 
The activity of the various members of this series, in 
which the number of methylene groups separating the 
pyridazine nucleus from the onium N centers and the 
quaternary ammonium substituents were varied sys- 
tematically, is given in Table 1. 

The most potent compound in the mouse, Win 4981, 
exhibited little or no blocking activity in the cat nerve- 
muscle preparation at doses up to 2 mg/kg. Higher doses 
were not tolerated, causing delayed deaths which 
appeared to be respiratory in nature. This observation 
prompted the more extensive evaluation of Win 4981 
(described in the next sections) to determine if it did 
produce neuromuscular blockade as suggested by the 
mouse data. With re‘erence to Table 1, it should be 
pointed out that the a: methyl compound in the propoxy 
series (Comp. IV) resembled decamethonium in its 
neuromuscular blocking action, whereas compound X 
with the aryl substituent on the quaternary nitrogens 
appeared to be curare-like. The all-ethyl compound 
(Comp. VI) was subsequently demonstrated to be similar 
to Win 4981, but less active. The di-methyl, ethyl 
quaternary ammonium analogue of Win 4981, was not 
prepared. 

Influence of frequency of nerve stimulation. In view of the 
failure to reveal neuromuscular blocking activity of Win 
4981 in the cat  sciatic-gastrocnemius preparation, 
stimulated indirectly at the slow rate of 1/15 sec, the 
compound was retested in bilateral nerve-muscle 
preparations, in which the stimulation frequency of one 
side was increased to 1 per sec. Win 4981, over a wide 
range of dosage levels, was found to produce a char- 
acteristic slowly developing block of long duration on 
the side of the bilateral preparation stimulated at the 
faster frequency. These same dose levels were without 
effect on the contralateral nerve-muscle preparation 
stimulated at the 1/15 sec frequency (8). This unusual 
pattern of neuromuscular blocking action had not been 
previously described, although HC-3 was later demon- 
strated to produce similar effects in nerve-muscle prepa- 
rations of various species (14, 22). 
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TABLE 1. Neuromuscular Blocking Activity of Bis-Quaternary Pyridazines in the Mouse 
and in the Cat Nerve-Muscle Preparation (Modified from Gesler and Hoppe (8)) 


R 
: N= 
R’—N(CH:) ,O€ 


R’X R, 
Compound No. n R R’ R’X Ri 
I 2 Me Me Mel H 
II 2 Et Et Mel H 
III 2 Et Et MeBr H 
IV 3 Me Me MeBr H 
Win 4981 3 Et Et Mel H 
VI 3 Et Et Etl H 
Vil 3 Me Me NBBr* H 
VIII 3 Me Me NBBr* H 
IX 3 Me Me NBBr* Me 
xX 3 Et Et H 


NBBr* 


* 4-nitrobenzyl bromide. 

The relationship between initial dose of Win 4981 and 
percentage of neuromuscular blockade, as determined 
in a total of 24 such preparations, is presented in Fig. 1. 
Comparative data for d-tubocurarine and decameth- 
onium are also shown. It is significant that the dose- 
response relationship for Win 4981 and for HC-3 (14, 22) 
appears to be similar, but is of a different character 
than that for either of the reference agents. Even higher 
dose levels of Win 4981 (up to 2 mg/kg) did not produce 
complete neuromuscular blockade at the 1 per sec 
frequency of stimulation. 

The median effective neuromuscular blocking doses 
(ED50) of Win 4981, d-tubocurarine, and decamethonium, 
as determined at each of the two frequencies of stimu- 
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nemius preparation stimulated at a frequency of 1 per sec. Mean 
responses + 1 standard deviation are indicated for each dose. 
(From Gesler and Hoppe, 9.) 
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Re - - SEER 
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(mg/kg) (mg/kg) (mg/kg) | (min) 
H 16.0+1.0 28.01 .4 | >10.0 
H 3.$-50-3 5-90.5 | 6.6 15 
Me 0.8+0.1 1.8+0.16 | 2.8 8 
H 0.60.1 1.0+0.2 | 0.046 | 15 
H 0.150.01 0.63-0.05 >2.0 | 
H 0.730.07 1.28t0.11 | >1.0 | 
H 0.30.05 0.47+0.02 | 0.089 | 5 
Me | 0.47+0.03 | 0.073 | 10 
Me 0.46+0.04 0.162 5 


Me 0.26+0.02 0.30.01 
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lation, are compared in Table 2. It is evident that the 
frequency of nerve stimulation markedly influences the 
neuromuscular blocking potency of Win 4981. The 
paralyzing potency of d-tubocurarine was _ increased 
significantly, whereas that for decamethonium was 
unchanged by increasing the frequency of stimulation. 
The observation with respect to d-tubocurarine is in 
general agreement with the earlier reported findings of 
Preston and Van Maanen (21). Also, Foldes et al. (7) 
have recently reported that recovery of grip strength in 
human volunteers was dependent upon rate of exercise 
when partial neuromuscular block was produced by 
d-tubocurarine, but not when produced by depolarizing 
relaxants. 

That the neuromuscular blocking potency of Win 
4981 is dependent upon frequency of nerve stimulation 
is perhaps better demonstrated in experiments of the 
type shown in Fig. 2. Initially, both sides of a bilateral 
preparation were stimulated indirectly at a frequency of 
3 per sec. After contraction responses had stabilized, 
stimulation of one side of the preparation was inter- 
rupted, allowing this nerve-muscle preparation to rest. 


TABLE 2. Influence of Frequency of Indirect Stimulation 
on Neuromuscular Blocking Potency of Win 4981, 
d-Tubocurarine and Decamethonium 








EDso + s.e. (mg/kg) 


Compound as aes 


| Stim. freq. 1/15 sec} Stim. freq. 1/sec 








Win 4981 >2.0 | 0.190* 
d-Tubocurarine 0.184+0.025 | 0.092+0.014 
Decamethonium 0.018+0.002 | 0.018-++0.002 





* Approximate value. 
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preparation. Both 
muscles stimulated initially at 3 per sec. Time in minutes. B, 


Fic. 2. Bilateral sciatic-gastrocnemius 


Win 4981 was then injected intravenously, causing a 
gradually developing blockade of the continuously 
stimulated side of the preparation, which became com- 
plete after some 80 min. Stimulation of the rested contra- 
lateral nerve-muscle preparation was then resumed at a 
frequency of 3 per sec. It is evident that, initially, this 
rested muscle was not paralyzed, but required some 
5-10 min of continuous stimulation before paralysis 
appeared. Beginning reversal of the blockade occurred 
in both preparations about 3-4 hr after the injection of 
Win 4981. As shown in Fig. 2 C, recovery was markedly 
accelerated in one of the muscles by reducing the 
frequency of stimulation to 1 per sec for a 30-minute test 
period. In very similar studies on HC-3, Reitzel and 
Long have observed, essentially, the same results (22). 
These findings, in addition to demonstrating the 
influence of frequency of stimulation on the potency of 
Win 4981, also provide indirect evidence that the slow 
onset of neuromuscular blockade is neither the result of 
delayed access of Win 4981 to its site of action nor to the 
formation of an active metabolite. It was also established 
that Win 4981 has no important effects on either nerve 
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70 min after A; C, 75 min after B; and D, 30 min after C. See 
text for explanation. (From Gesler and Hoppe, 9.) 


or muscle, thus eliminating these structures as possible 
sites of action (9). Hence, this atypical pattern of neuro- 
muscular blockade produced by Win 4981, as with 
HC-3, must result from some slowly developing alteration 
of normal transmission across the myoneural junction. 
This effect is not only dose dependent but, more impor- 
tantly, is also dependent upon the rate of muscle stimu- 
lation through its nerve. 

Following lethal intravenous dose levels or intra- 
arterial doses of 100 ug/kg or greater, Win 4981 produces 
a biphasic neuromuscular blockade (8, 10). The initial 
phase develops promptly, but is of short duration, and is 
followed by the characteristic, slowly developing sus- 
tained block. Such an atypical short-lived neuromuscular 
block has also been observed with HC-3 following lethal 
dose levels, even at a slow 1/10 sec frequency of indirect 
stimulation (22, 24). 

Activity in unanesthetized animals. The slow onset and 
long duration of paralyzing effects, and the delayed 
deaths produced by Win 4981 in the 1 per sec nerve- 
muscle preparation, as with HC-3, are also evident in 
unanesthetized animals (8, g). In contrast, the effects of 
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TABLE 3. Effect of Level of Overt Activity in Mice on the Acute 
Toxicity of Win 4981 (From Gesler et al. (10)) 


Win 498: d-Tubocurarine 
Pretreatment i.v. LDso"+ $.e. i.v. LDso* + s.e. 
mg/kg mg/kg 
None (controls) 0.70+0.04 0.18+0.02 
Amphetamine, 10 mg/kg i.p. 0.43+0.06T 0.16+0.02 
10 min before 
Chlormezanone, 400 mg/kg 1.750.09T 0.13+0.01f 


ip. 30 min. before 
* Based upon deaths occurring within 60 min. {P= 
<0.01. ft P = 0.05. 


d-tubocurarine and decamethonium are immediate and 
short-lived, or terminate quickly in death in both the 
unanesthetized animal and in the nerve-muscle prepa- 
ration. In the pigeon, Win 4981 produces a flaccid, 
d-tubocurarine-like paralysis (g). To further differentiate 
Win 4981 from decamethonium, its par2!vzing potency 
is subject to little species variability, at least in the cat, 
rabbit, pigeon, and mouse (8, 9). 

As Giovinco has found with HC-3 (11), the acute 
toxicity of Win 4981 in mice is markedly influenced by 
the level of overt activity (Table 3). Animals rendered 
hyperactive by amphetamine pretreatment were signifi- 
cantly more susceptible to Win 4981, whereas mice made 
hypoactive by chlormezanone pretreatment were 
significantly less susceptible. The acute toxicity of d- 
tubocurarine, however, was not affected by amphetamine 
pretreatment, but was significantly “increased” in 
chlormezanone pretreated animals. These results are 
not inconsistent with the demonstrated influence of 
frequency of nerve stimulation on the paralyzing activity 
of Win 4981. 

Antagonism studies. Neuromuscular blockade produced 
by Win 4981 in the cat sciatic-gastrocnemius prepa- 
ration, stimulated at the 1 per sec frequency, is only 
partially reversed by neostigmine, and even less effec- 
tively by edrophonium (9, 10). In the unanesthetized 
rabbit, neostigmine pretreatment significantly increased 
the median head drop dose, but had no effect on the 
median lethal dose of Win 4981. Basically similar results 
were also obtained in the mouse (g). Reitzel and Long 
have more completely analyzed the neostigmine antago- 
nism of HC-3 (22). While their findings may have no 
relevance to the neostigmine antagonism of Win 4981, 
it is interesting that the relatively short-lived block, 
demonstrable in their 1/10 sec nerve-muscle preparation 
following large doses of HC-3, was found to be more 
effectively antagonized by neostigmine than was the 
block revealed by a faster rate of stimulation at lower 
dose levels of HC-3. 

Win 4981 also has anti-curare effects in the nerve- 
muscle preparation, particularly when stimulated at the 
slow 1/15 sec frequency. In preparations stimulated at 
the faster frequency this effect is of short duration and 
it is followed by the characteristic Win 4981 block. The 
fact that the interaction effects of Win 4981 and d- 
tubocurarine in the unanesthetized rabbit, whether 
paralysis or death is the end point, are additive rather 
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than antagonistic (g), again illustrates that the actions of 
this agent in the intact animal are better correlated with 
its activity in the 1 per sec nerve-muscle preparation 
than in the preparation stimulated at the slower rate. 

Whereas the anticholinesterase or anti-curare agents, 
or both, only partially reverse the paralyzing effects of 
Win 4981, choline chloride was found to be a con- 
siderably more effective antagonist. These special studies 
are considered separately in the section under Pre- 
synaptic effects. 


SITE AND MODE OF ACTION STUDIES 


Postsynaptic effects. A number of experiments have been 
carried out to delineate better those actions of Win 
4981 referrable to the postjunctional neuromuscular 
transmission process (g). Not all of these actions of Win 
4981 are shared by HC-3. For example, Win 4981 
produces a contracture of the isolated frog rectus ab- 
dominis, but is only about 1/15th as active as decame- 
thonium. HC-3 is apparently devoid of these excitatory 
effects. Neither Win 4981 nor HC-3 (22) inhibit the 
response of the rectus abdominis to added acetylcholine. 
However, Win 4981 at higher bath concentrations does 
potentiate acetylcholine. Based upon comparative 
studies with neostigmine, this effect of Win 4981 is 
probably attributable to its weak anticholinesterase 
activity (8, 9). 

The response of the cat gastrocnemius muscle to close 
intra-arterially injected acetylcholine is reduced or 
abolished by intravenous pretreatment with Win 4981 at 
doses of 0.125 to 1.0 mg/kg. Brooks and Thies (4, see 26) 
have observed a similar effect of HC-3 in isolated nerve- 
muscle preparations. 

Win 4981 also exhibits minimal excitatory effects in 
the denervated gastrocnemius of the cat, but it could not 
be differentiated from d-tubocurarine in this respect (9). 
Data on HC-3 in experiments of this type are not avail- 
able. 

Other actions of Win 4981, presumably related to 
postjunctional effects, can be briefly summarized (9). 
Relatively high doses of Win 4981 (>0.5 mg/kg) 
produce decamethonium-like fasciculations in the 
anesthetized cat. Such an effect has not been reported 
for HC-3. These fasciculations were not observed at 
lower dose levels, and neuromuscular blockade in the 1 
per sec preparation was not preceded by a potentiation 
of the twitch height. The Win 4981 partially paralyzed 
cat gastrocnemius, like the curarized muscle, cannot 
sustain an indirectly delivered tetanus. However, Win 
4981 differs from d-tubocurarine in that the tetanus is 
followed by only a slight posttetanic potentiation, which 
in turn is frequently followed by a greater degree of 
neuromuscular blockade. Desmedt (6) has observed 
similar results with HC-3 in a more detailed study of 
these phenomena. 

These various observations indicate that Win 498! 
does have the ability to alter certain of the sequential 
steps involved in the postjunctional transmission of a 
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FIG. 3. Effects of choline chloride in reversing the neuro- 
muscular blocking action and the respiratory paralyzing action 
of Win 4981 in the cat. ‘‘Fast drum” indicates brief periods when 
the kymograph speed was increased about 50-fold to characterize 
the respiratory excursions. First panel, preinjection record. Middle 
panel, about 2.5 hr after Win 4981 with beginning recovery from 
neuromuscular blockade and labored inspiration (downstroke). 


nerve impulse. It is also apparent that certain differences 
do exist between Win 4981 and HC-3 in their post- 
synaptic effects. The significance of these findings, and 
their relevance in providing an explanation for the 
unusual paralyzing activity of Win 4981, cannot be as 
easily surmised. In this regard, probably the most 
meaningful of the various postsynaptic effects of Win 
4981 is the ability to antagonize the twitch response to 
close intra-arterially injected acetylcholine. Such an 
effect of Win 4981 could be shown at intravenous dose 
levels which would be expected to produce severe 
paralysis in the intact nerve-muscle preparation or in 
the unanesthetized animal. Although this might suggest 
a direct ‘‘cause and effect” relationship, the association 
is not this clear-cut; for Brown et al. (5) have demon- 
strated that curare is considerably more active in 
reducing the muscle twitch response to close intra 
arterial acetylcholine, than in blocking the indirectly 
stimulated muscle. 

A consideration of the postsynaptic effects of HC-3 has 
occupied a large portion of the discussion in this sym- 
posium (Brooks and Thies (4); Martin and Orkand 
(20); see also (26)). These investigators have suggested 
that the neuromuscular blockade produced by HC-3 
is the result of two distinct processes, in which a 
postsynaptic action becomes important at relatively 
high dose levels. This interpretation of a dual site of 


Complete, though temporary, reversal of both effects follows 
choline chloride. Last panel, about 1.5 hr after second Win 4981 
injection with 100% nerve-muscle blockade and irregular, ex- 
tremely labored respiration. Note the almost complete and im- 
mediate reversal of both effects following the 10 mg/kg dose of 
choline. (From Gesler et al., 10.) 


action for HC-3 appears to be equally applicable to 
Win 4981. It would thus seems reasonable to conclude, 
at least tentatively, that these demonstrable postsynaptic 
effects of Win 4981 are probably unimportant in its 
primary paralyzing action, but may be of secondary 
importance at toxic dose levels. 

Presynaptic effects. Schueler first observed that the 
toxic effects of HC-3 in mice could be effectively antago- 
nized by choline chloride (25). This observation was 
later pursued by Long and co-workers, and was the 
basis for a series of interesting papers, by this group, in 
which this phenomenon was more completely assessed 
(14, 22, 23). The experimental findings relative to the 
rather selective choline antagonism of HC-3 are compre- 
hensively reviewed by Long in the preceding paper (15). 
MacIntosh independently reported that HC-3 depressed 
acetylcholine synthesis in intact neurones (16-18). These 
results strongly implicate a presynaptic site of action for 
HC-3. Very similar but less complete data have been 
obtained on Win 4981, suggesting that both of these 
agents act via a common site and mode of action. 

Choline chloride effectively antagonizes not only 
HC-3, but also Win 4981. This has been shown in the 
mouse, rabbit, and cat (10). The immediate effectiveness 
of choline chloride in reversing the neuromuscular 
blockade produced by a “toxic” dose of Win 4981 in 
the cat sciatic gastrocnemius preparation is demon- 
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strated in Fig. 3. The lower portion of the tracing 
illustrates also the simultaneous choline reversal of the 
obviously labored respiration produced by Win 4981 in 
this same animal. 

Since choline effectively and dramatically restores 
spontaneous respiratory activity to an essentially normal 
level in such Win 4981 poisoned animals, and since this 
effect mimics its action in the isolated nerve-muscle 
preparation, there seems to be little reason to suspect a 
central component of action for Win 4981, as has been 
postulated for HC-3 (12, 13, 25, see 2). In this connection 
Schueler’s initial observation (25) that HC-3 causes a 
simultaneous depression of the knee jerk reflex and 
respiration in the anesthetized rabbit, without affecting 
the isolated sciatic-gastrocnemius preparation stimulated 
at a 1/10 sec frequency, is of interest. Since the influence 
of frequency of stimulation on the neuromuscular 
blocking potency of HC-3 was not recognized at that 
time, these results were indeed indicative of a central 
action. However, if the primary site of action of HC-3 
is in fact peripheral, then the inhibitory effects of HC-3 
on the knee jerk reflex must also be explicable on a 
peripheral basis. This question has apparently not been 
investigated with respect to HC-3. However, some 
experiments carried out on Win 4981 are pertinent 
(Gesler, unpublished observations). In the high spinal 
(C2) or chloralosed cat, Win 4981 at intravenous dose 
levels of 0.100-0.5 mg/kg produced a 50-100 % (AED ? 
= 0.100 mg/kg) slowly developing block of the isotoni- 
cally recorded knee jerk reflex elicited automatically at 
10-sec intervals, using the solenoid tapper described by 
Schweitzer and Wright (27). These same doses had no 
clear-cut effect on the isolated nerve-muscle component 
(femoral nerve-quadriceps muscle preparation) of this 
reflex arc in the contralateral leg, which was stimulated 
indirectly at a 1/15 sec frequency. Thus, Win 4981 
inhibits the knee jerk reflex as does HC-3, without 
inhibiting the peripheral effector component of the 
reflex. D-tubocurarine, on the other hand, was found to 
produce a prompt, short-lived block of the knee jerk 
reflex (AEDs) = 0.125 mg/kg), and was essentially 
equi-effective on the contralateral femoral nerve- 
quadriceps muscle preparation. Although these findings 
would suggest a central site of action for Win 4981 as 
they did for HC-3, such a conclusion soon became 
untenable. Additional studies established that this 
blocking action of Win 4981 was dependent upon its 
gaining access to the peripheral components rather than 
the central connections of the reflex arc, since the intra- 
aorta injection of 25-50 ywg/kg of Win 4981 blocked 
only the arterially nonoccluded side of bilateral knee 
jerk preparations. The results of these experiments do 
not exclude the peripheral afferent elements of the 
reflex as a possible site of action; but in view of the known 
effects of Win 4981 at the myoneural junction, and 
particularly in view of the influence of frequency of 
stimulation on its neuromuscular blocking potency, it 


2 Approximate median paralyzing dose. 
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seems more likely that this action on the knee jerk 
reflex is related to the high frequency motor discharge 
rate of stretch reflexes. 

Returning to the choline reversal of Win 4981 induced 
blockade, the specificity of this antagonism was investi- 
gated in several ways (10). A series of choline analogues 
were prepared and tested in the Win 4981 partially 
paralyzed nerve-muscle preparation. Only those com- 
pounds presumed to be precursors of acetylcholine 
or acetylcholine-like substances (dimethylethylamino- 
ethanol iodide and dimethylaminoethanol in addition 
to choline) were found to show any sustained antago- 
nistic action. Methoxy choline, which of course cannot 
serve as an acetylcholine precursor, was included in 
this group of choline analogues as a crucial test of this 
hypothesis. Although it produces a short-lived reversal 
of the Win 4981 blockade, probably the result of its high 
cholinergic activity, it does not have a sustained antago- 
nistic effect even at just sub-lethal dose levels. The 
triethyl analogue of choline was found to potentiate the 
Win 4981 block. Interestingly, Bowman and Rand (3) 
have recently reported that this choline analogue is also 
hemicholinium-like in its neuromuscular blocking action. 

To obtain other definitive but admittedly indirect 
evidence as to whether choline exerts its action via a 
presynaptic or postsynaptic mechanism, the effectiveness 
of choline chloride in reversing paralysis caused by 
both d-tubocurarine and Win 4981 was compared with 
that of edrophonium (10). It ‘was found _ that 
edrophonium promptly restores the curarized muscle to 
normal, but has an unimpressive effect on the Win 4981 
paralyzed muscle; whereas choline is a more specific 
antagonist of Win 4981 than of d-tubocurarine. Similarly, 
in the mouse, choline pretreatment significantly antago- 
nizes both the paralyzing and lethal effects of Win 
4981, but not of d-tubocurarine. The results of these 
experiments exclude, or at least minimize, the excitatory 
(cholinergic) action of choline as being an important 
causal factor in its effectiveness to normalize the Win 
4981 poisoned muscle. 

Another interesting observation with respect to the 
choline reversal of Win 4981 induced neuromuscular 
blockade is the selective antagonistic action of choline 
demonstrable in the biphasic block. It was noted in the 
first section that following large intravenous dose levels, 
or upon intra-arterial injections of Win 4981, an imme- 
diate but transient neuromuscular blockade precedes 
the more slowly developing and sustained blockade 
characteristic of this compound. Choline chloride exerts 
little, if any, antagonistic action on the initial phase, but 
acts only to reverse or prevent the slowly developing 
phase of such a biphasic block (10). Thus, it is possible 
to distinguish pharmacologically between these two 
phases of the neuromuscular blockade produced by 
relatively large doses of Win 4981. It was previously 
suggested that the initial, short-lived phase of the 
biphasic block produced by Win 4981 may result from 
its weak postsynaptic effects. This phase of the block is 
not choline reversible; and, on the basis of the weak 
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excitatory effect of Win 4981, is probably decamethon- 
ium-like in nature. 

On the other hand, in view of the vast amount of 
circumstantial evidence available, the more important 
blocking action of Win 4981, characterized by a slow 
onset and long duration, appears to result from a pre- 
junctional mechanism, as has been suggested for HC-3. 
Unfortunately, the evidence for a presynaptic site of 
action for Win 4981 is not as complete or as direct as is 
the case with HC-3. Farah (personal communication) 
has found that Win 4981, like HC-3, strongly inhibits 
both N-methylnicotinamide and tetraethylammonium 
ion transport in dog renal slices. Since choline is trans- 
ported by the same mechanism which transports NMN 
and TEA, these findings would suggest a rather specific 
presynaptic mechanism common to both agents. Further- 
more, the many other described similarities between 
Win 4981 and HC-3, in effects at the myoneural junction, 
suggest a common site and mode of action. While this 
working concept is attractive, since it does provide a 
plausible explanation for the unusual paralyzing proper- 
ties of Win 4981, it is presently supported by only indirect 
evidence. Further studies designed to test directly this 
hypothesis are clearly needed. 


OTHER EFFECTS 


HC-3 has also been extensively studied for effects at 
other neuroeffector sites (15, 19; see also 26). Such a 
systematic investigation of Win 4981 at these other 
structures has not been undertaken, but would be of 
extreme interest in view of the striking resemblance in 
the effects of these two agents at the neuromuscular 
junction. Only very gross descriptive data are presenty 
available on Win 4981. It apparently has minimal 
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cardiovascular effects, in the anesthetized cat, at dose 
levels up to about 0.4 mg/kg. Higher dose levels pro- 
duced an inconsistent hypotensive response (8). These 
descriptive findings certainly contribute little to an 
intimate understanding of the actions of Win 4981, if 
any, at the cholinergic sites involved, but may be 
suggestive that such effects do occur. 


SUMMARY 


Win 4981 has a number of unusual properties at the 
neuromuscular junction, which very closely resemble 
those of the hemicholinium, HC-3, but which serve to 
differentiate it from either d-tubocurarine or deca- 
methonium. The most striking of these is the pattern of 
neuromuscular blockade in the anesthetized cat. Paral- 
ysis is dependent upon the frequency of nerve stimulation 
and is characterized by a slow onset and a relatively 
long duration of action. At lethal dose levels, deaths are 
delayed and appear to be the result of peripheral 
respiratory failure. This same pattern of action is also 
seen in the unanesthetized animal. Anticholinesterases 
or anti-curare agents only partially antagonize the 
paralyzing effects of Win 4981, but choline chloride is 
almost a specific antagonist. 

Although Win 4981 has some minimal excitatory 
effects, which must be associated with a postsynaptic 
site of action, these appear to be relatively unimportant 
insofar as its principal neuromuscular blocking action is 
concerned. On the basis of the experimentally demon- 
strated specificity of the choline antagonism of Win 
4981, and the similarities between this agent and HC-3, 
it is postulated that Win 4981, like HC-3, produces 
neuromuscular blockade primarily via a presynaptic 
mechanism. 
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Respiratory depressant effect of HC-3 


a 


H. L. BORISON 
Department of Pharmacology, University of Utah College of Medicine, Salt Lake City, Utah 


, = SCHUELER (13, 14) first described the delayed 
respiratory paralysis resulting from small doses of 
hemicholinium (HC-3), he was well aware that larger 
doses, of the order of 5-10 times the minimum require- 
ment, caused early neuromuscular blockade. The 
delayed paralysis, not attributable to interference with 
neuromuscular transmission, was therefore considered to 
be the “primary” action of the drug. Indeed, failure of 
respiration, after HC-3, commonly results in violent 
asphyxial convulsions. Schueler further contended that 
this late effect was mediated centrally through depression 
of spinal relay centers for respiration. Kasé and Borison 
(7) studied the respiratory paralyzant effect of HC-3 by 
means of brain stem stimulation and transection. We 
agreed with Schueler that the primary depressant action 
of the smallest effective doses of HC-3 is central in nature, 
but we concluded that this action is effected at the 
brain stem rather than the spinal level. In addition, we 
also observed neuromuscular blockade produced by 
HC-3, and we too attributed this peripheral effect to a 
“secondary” action manifested after doses larger than 
required for the delayed central effect. Other workers 
(6, 9), however, would deny altogether that a central 
action of the drug participates in depression of the 
respiration. 


CENTRAL, PERIPHERAL OR BOTH? 

A peripheral action may explain one kind of respira- 
tory paralysis due to HC-3, but such an explanation 
neither excludes nor even militates against a central 
action. As a case in point, Holmes and Wilson (6) 
recorded, in cats, high intensity inspiratory discharge 
from the medulla oblongata at a time when the diaphrag- 
matic electrogram fell silent after intravenous HC-3. 
However, they found it necessary to employ doses of 
3-4 mg/kg and they obtained a paralyzant effect within 
go min. According to our experience, this result is to be 
expected from such a comparatively large dose of HC-3 
and after such a relatively short interval of observation. 
Curiously, Holmes and Wilson reported that respiratory 
activity was affected little by the dose of 2 mg/kg. This 
discrepancy in dosage requirement, compared with 





1 Unpublished work reported herein was supported by research 
grant B-491 from the National Institute of Neurological Diseases 
and Blindness, National Institutes of Health, Public Health Serv- 


ice. 


results of others, could be explained by insufficient time 
allowed for the onset of central effect. By contrast, 
Longo (g) found that respiratory paralysis resulted in 
cats and rabbits after a latency of 1-2 hr following an 
intravenous dose of 0.5 mg/kg, and he observed con- 
currently an augmentation in phrenic discharge. Char- 
acteristically, after minimal doses of HC-3, the respira- 
tion passes through a phase of augmented irregular 
gasping. Longo unfortunately recorded ventilatory 
movement, in a single plane, by means of a thread tied 
to the skin of the upper abdomen; it is possible that the 
gasping phase was not mechanically registered while 
phrenic discharge was enhanced. 


EVIDENCE FOR A CENTRAL ACTION 


Now, let us examine the available evidence for a 
delayed central respiratory paralyzant action of HC-3, 
keeping in mind that the neuromuscular blocking action 
serves to complicate the picture. 

Fig. 1 and 2 are taken from the work of Kasé and 
Borison (7). We stimulated the medulla oblongata 
electrically with the aid of a stereotaxic instrument, and 
recorded respiration pneumographically. In Fig. 1 are 
shown the inspiratory and vasodepressor responses to 
stimulation of the medial reticular formation with 
threshold, submaximal, and maximal currents in a 
pentobarbitalized cat. 


RESPONSES FROM MEDULLA OBLONGATA 


The following points deserve emphasis: 7) As a 
consequence of 1 mg/kg intravenous injection of HC-3, 
ongoing respiration became gasp-like and _ irregular, 
and terminated after 2 hr. 2) Threshold voltage require- 
ment for sustained inspiration became progressively 
greater, yet the maximal response remained essentially 
unaltered. 3) Some improvement in central excitability 
was evident at 170 min at the time that spontaneous 
breathing had temporarily recovered. 4) Resting blood 
pressure, as well as vasodepressor reactivity to stimula- 
tion, diminished pari passu with failure of the respiration. 
The elevated blood pressure at 120 min can be ascribed 
to hypoxia resulting from inadequate ventilation. 

Thus, the conclusion is permissible that the final 
common pathway for the act of breathing was functional 
at a time when ventilatory cycling activity had ceased. 
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FIG. 1. Effect of 1.0 mg/kg 
iv. HC-3 on threshold, sub- FREQUENCY CONSTANT AT 50 cycles/sec A senshbanma 





maximal and maximal stimulus mmHg 


requirement for respiratory and 125 
vasomotor responses to bipolar 
electrical stimulation of the TS 
medial reticular formation in the 
medulla oblongata of a cat 25 


anesthetized with pentobarbital 
Na. Respiration recorded via 
thoracic pneumograph, inspira- 
tion up. Artificial ventilation 
administered between 120 and 
170 min after HC-3 injection. 
Stimulus pulse duration con- 
stant at 1 msec in this and sub- 
sequent experiments. 


This effect we attribute to selective depression by HC-3 
of the medullary respiratory oscillator. To be stressed is 
the fact that medullary interneurons, as well as primary 
and secondary relay neurons, intervene between our 
point of stimulation in the brain stem and the effector 
muscles. It seems unreasonable to invoke an explanation 
of unphysiologic breakthrough at the neuromuscular 
junction when the central stimulus must traverse such a 
complex neuronal path to the respiratory musculature. 
In fact, similar effects on respiration and blood pressure, 
as shown in Fig. 1, were produced by intracarotid 
injection of as little as 0.1 mg/kg of HC-3, which is an 
ineffective dose by the intravenous route. 

The alteration in pattern from a eupneic to a gasping 
form of breathing after HC-3—that occurs considerably 
in advance of respiratory paralysis—can best be ex- 
plained as resulting from an inhibition of supramedullary 
modulating influence on the respiratory integrator. This 
is consistent with the effects of other drugs as, for ex- 
ample, sodium cyanide, and of certain surgical proce- 
dures on the brain stem (2). Ability of the respiratory 
muscles to hold the inspiratory position during the 
gasping phase is demonstrated by the sustained response 
to medullary stimulation. 

Finally, the fall in blood pressure and reduction in 
central vasomotor reactivity, observed following HC-3, 
further supports the notion of a depressant action of the 
drug on the brain stem reticular formation. 


COUGH REFLEX 


Perhaps our most compelling argument for a central 
action of HC-3 is the observation that repetitive cough, 
both reflexly and centrally evoked, remained undimin- 
ished, if not increased, in intensity after respiratory 
arrest had resulted from adequate doses of the drug. 
Elicitation of such vigorous activity is surely not compat- 
ible with the presence of neuromuscular paralysis. 

As an outcome of studies on the influence of various 
drugs, of electrical stimulation, and of surgical inter- 
vention on the central respiratory mechanism (2), we 
have characterized a pacemaker region in the medulla 
which is concerned in the coordination of specialized 
augmented repetitive respiratory activity. This region 


contro 19/9 iv 10min 





has been further subdivided into an expiratory pace- 
maker for multiple cough, and an inspiratory pacemaker 
for multiple gasp. 

In Fig. 2 are shown thoracic and abdominal pneumo- 
graphic tracings of repetitive gasping responses elicited 
by stimulation of the medullary inspiratory pacemaker 
in an unanesthetized, decerebrate, decerebellate, and 
vagotomized cat. Notice that at 55 min and again as 
late as 196 min after 2 mg/kg intravenous HC-3, when 
spontaneous breathing had ceased, the gasping response 
was elicited without decrement. Another observation of 
interest is that, during the temporary recovery of spon- 
taneous breathing at 175 min, the inspiratory shift in 
the baseline seen during control stimulation again 
became manifest, thereby suggesting a transitory re- 
covery of central excitatory state. 

From this experiment, we may once more conclude 
that the final common pathway for the act of breathing 


INSPIR. PACEMAKER FREQ. 20 cycles/sec 
DECEREBRATE, DECEREBELLATE, VAGOTOMIZED 





1Osec. 


CONTROL 


2mg/kg 55 min 175min 96min 


Fic. 2. Effect of 2.0 mg/kg i.v. HC-3 on repetitive gasping 
responses to bipolar electrical stimulation of inspiratory pacemaker 
in floor of fourth ventricle of an unanesthetized, decerebrate, 
decerebellate, and vagotomized cat. Artificial ventilation given 
when required as indicated by on-off arrows. 
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Sec 
HC-3 | 25c/s 50c/s 
2 mg/kg 1.V. 15 min 75 mini 


FIG. 3. Effect of 2.0 mg/kg. i.v. HC-3 on sensitivity to carbon dioxide and on response to stimulation of the phrenic nerve (in the neck) 


in an unanesthetized cerveau isolé cat. 
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Fic. 4. Effect of intraventricular HC-3 on sensitivity to carbon acting effect of 30 mg/kg i.v. choline Cl. Choline administered 
dioxide, response to phrenic nerve stimulation, and resting blood after 0.5 mg/kg i.v. atropine so, in this and subsequent experi- 
pressure in a pentobarbitalized cat with chronic lateral ventricular ments. 


cannula. P. N. refers to stimulation of phrenic nerve. Note counter- 
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CAT 61-16 PENTOBARBITAL, PHRENIC N. STIMULATION 
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FIG. 5. Effect of iv. HC-3 on 

frequency spectrum of diaphrag- 

matic response to phrenic nerve 

stimulation in pentobarbitalized ia \ 
cat. Note counteracting effect of 

25 mg/kg i.v. choline Cl. F 
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remained functional after respiratory arrest due to HC-3. 
Moreover, the drug selectively spared the pacemaker 
mechanism for repetitive coughing and gasping. 


SENSITIVITY TO CARBON DIOXIDE 


In the past few months, we have again investigated 
the respiratory depressant action of HC-3, employing, 
however, electrographic recording of ventilation by 
means of a body plethysmograph, and of end-expiratory 
CO, by means of an infrared analyzer. Blood pressure 
was also recorded. 

Fig. 3 shows the effect of 2 mg/kg intravenous injection 
of HC-3 in an unanesthetized, cerveau isolé, cat. The 
control records, on the left, show that a) apnea resulted 
after a brief period of mechanical hyperventilation which 
reduced the expired COs, level to 2%; 6) administration 
of 10% CQOz resulted in a marked hyperpnea; and c) 
effective stimulation of the phrenic nerve at 25 cycles 
per second caused a sustained shift in respiratory base- 
line. As early as 15 min following injection of HC-3, 
hyperventilation no longer induced apnea; the respira- 
tory rate was diminished; the pattern of breathing 
became irregular, augmented, and gasp-like; 10% CO, 
was less effective in stimulating hyperpnea; and phrenic 
stimulation continued to elicit a sustained inspiratory 
shift. 

At 75 min after drug administration, shortly before 
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90 min after HC-3 
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breathing ceased, the resting expiratory COs: level was 
elevated; breathing was considerably slower and stil] 
more irregular, but undiminished in amplitude; 10% 
CO, was entirely without effect; and, phrenic stimulation 
continued to be effective. Blood pressure fell slightly, but 
not sufficiently to be responsible for the effects observed 
on the respiration. 

This new finding, of reduced sensitivity to CO, 
resulting from administration of HC-3, throws still 
another light on the mode of respiratory depressant 
action of the drug. At the same time, it further strength- 
ens the contention that HC-3 affects the central respira- 
tory apparatus. 


INTRAVENTRICULAR INJECTION 


When we reported our results in 1958 (7), we stated 
that cerebral intraventricular administration of HC-3 
had no effect on respiration. This conclusion was based 
on a few acute experiments, in which cannulation of the 
lateral ventricle was attempted without prior experience. 
Schueler had previously reported that the dosage require- 
ment of HC-3 for respiratory paralysis was greater by 
the intraventricular than by systemic routes of adminis- 
tration. In our latest series of experiments, after extensive 
experience with chronic cannulation of the lateral 
ventricle, we found on repeated trials with HC-3 in 
unanesthetized cats that the drug was more effective 
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when given intraventricularly than when given intra- 
venously. Remarkably, the latency for the paralyzant 
effect was not shorter after intraventricular injection. 
This finding is in accord with the hypothesis that the 
blocking effect of HC-3 on synaptic transmission depends 
on the exhaustion of preformed stores of acetylcholine. 

Fig. 4 shows the effect of intraventricular HC-3, 
administered via a chronic indwelling cannula, on 
respiration and blood pressure in a pentobarbitalized 
cat. Respiration was again recorded via a body plethys- 
mograph. P. N. refers to stimulation of the phrenic 
nerve. At 2 hr after a total dose of 0.5 mg one can detect 
a somewhat diminished stimulant effect of administered 
CO:,. This is consonant with the rise in resting level of 
end-expiratory CO:. Other points of interest are the 
slowing of the respiration, the tendency toward more 
gasp-like breathing, the unaltered response to phrenic 
stimulation, and the fall in blood pressure. When it was 
clear that the peak effect had been reached, an addi- 
tional dose of 2 mg was injected. On a body weight 
basis, the total dose was equivalent to 0.75 mg/kg. One 
hour after the second dose, the sensitivity to CO: had 
essentially been abolished, the respiration had con- 
verted to a slow gasping form, but phrenic stimulation 
continued to be effective. Blood pressure again fell 
slightly but definitely. The lower panel on the right shows 
the terminal phase that followed within a few minutes 
after the above sequence. Choline chloride was ad- 
ministered intravenously and the record on the lower 
left taken one half hour after a total dose of 30 mg/kg 
shows the recovery, although perhaps not complete, in 
respiratory pattern, COs sensitivity, and blood pressure 
level. 

Thus, the same train of events can be initiated by 
intraventricular as by intravenous injection of HC-3, 
with dosage and latency consistent with a primary 
central action of the drug. 


PHRENIC NERVE STIMULATION 

The question naturally arises whether by direct 
phrenic nerve stimulation we are not causing unphysio- 
logic breakthrough at the diaphragmatic neuromuscular 
junction. 

Fig. 5 shows the frequency-response spectrum of 
phrenic nerve stimulation before and after administration 
of HC-3. On the top line are shown responses to stimu- 
lation at frequencies varying from 5-500 cycles/sec 
delivered for periods of 15 sec at 2-minute intervals. 
Frequencies below 25 cycles, shown in the upper right 
panel, were not effective. The response was only slightly 
enhanced at frequencies above 100 cycles, but with 
increasing fall-off. After 2 hr without treatment, responses 

up to 150 cycles were essentially unaltered, but some 
diminution in response is evident at the higher fre- 
quencies. It should be stressed at this time that, from 
information available in the literature (1, 8, 12), the 
normal discharge rate in the phrenic nerve is usually less 
than 50 cycles per sec and, under extreme asphyxial 


Volume 20 


conditions, may reach as high as 100 cycles per sec. 
Rates of phrenic stimulation employed in our other 
experiments, that is, 25 and 50 cycles per sec, well 
approximate the physiological range of activity. 

Following intravenous administration of HC-3 in 1 
mg/kg doses at 15-min intervals, it is clear that the 
drug produced a prompt effect at the phrenic-diaphragm 
junction which manifested itself first and for the most 
part at the higher frequencies. Although the neuro- 
muscular junctions in question appeared to be completely 
blocked in 45 min, the respiration did not fail until go 
min after drug injection. Choline restored both spon- 
taneous breathing and phrenic response to frequencies 
below 100 cycles. 

Thus, sustained response to phrenic stimulation can 
be relied upon to indicate that neuromuscular blockade 
does not exist, but a diminished response to stimulation 
does not necessarily reflect the degree of interference 
with physiological activity. 

Finally, in Fig. 6 is shown the effect of a large dose 
(12 mg of HC-3), injected intraventricularly, sufficient 
to produce neuromuscular blockade if given systemically. 
At 30 min after injection, the response to phrenic nerve 
stimulation was all but obliterated, and sensitivity to 
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Fic. 6. Effect of large dose of intraventricular HC-3 (12 mg) 
on sensitivity to carbon dioxide, response to phrenic nerve stimu- 
lation, and resting blood pressure in pentobarbitalized cat with 
chronic lateral ventricular cannula. Note counteracting effect of 
50 mg/kg i.v. choline Cl. Lowermost panel shows recovery se- 
quence of respiration from gasping to apneustic to eupneic forms. 
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CO, was lost. However, spontaneous respiration of a 
gasping type persisted for approximately 1.5 hr longer. 
It is thus apparent that HC-3 rapidly escaped from the 
cerebrospinal fluid into the blood, but the latency for 
respiratory paralysis was not reduced, indicating that an 
insufficient amount of the drug had been released into 
the general circulation to cause complete neuromuscular 
blockade. Administration of choline, which incidentally 
was invariably preceded by atropine in all the experi- 
ments shown, only partially restored control conditions. 
In this experiment, of particular interest was the nature 
of recovery of the respiration, shown in the lowermost 
panel. This sequence in pattern from gasping to apneustic 
and, finally, to a more normal type of breathing argues 
strongly for recovery of the pontine respiratory modulator 
brought about by choline reversal of the HC-3 effect. 

Is it, after all, surprising that HC-3 should have a 
central action? A cholinergic mechanism has long been 
postulated as playing a key role in central regulation of 
breathing (5, 10). The deleterious effect of anticholin- 
esterases on respiration and the counteracting influence 
of atropine are well known. That these drugs act centrally 
to produce their effects is no longer doubted (3, 4, 11, 
15-18). It is, therefore, not surprising that HC-3 is 
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capable of producing respiratory paralysis through a 
central action on cholinergic transmission. 


SUMMARY 


In conclusion, I shall enumerate the various lines of 
support for a primary delayed central respiratory para- 
lyzant action of HC-3. These arguments in no wise 
minimize the importance of neuromuscular blockade as 
a separate phenomenon. 7) Unanesthetized animals 
have overt, motor convulsions when breathing stops 
following adequate doses of HC-3. 2) Less HC-3 is 
needed by the intracarotid and cerebral intraventricular 
routes than by the intravenous route to produce respira- 
tory arrest. 3) Conversion of eupnea to gasping is 
evidence for pontine depression by HC-3. 4) Threshold 
excitability of the inspiratory center is diminished 
before breathing has stopped. 5) A maximal sustained 
response is elicitable from the inspiratory center after 
breathing has stopped. 6) Undiminished cough responses 
are elicitable, both reflexly and centrally, after breathing 
has stopped. 7) The respiratory center becomes insensi- 
tive to CO before breathing has stopped. 8) Stimulation 
of the phrenic nerve remains effective after breathing 
has stopped. g) Central vasomotor excitability is de- 
pressed simultaneously with depression of respiration. 
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Introduction 


ROBERT B. LIVINGSTON, Chairman 
National Institute of Mental Health, Bethesda, Maryland 


is OcToBER 1959, the Council of the American Physi- 
ological Society proposed holding a half-day symposium, 
at the time of the April 1960 meeting of the Society, on 
the subject of the Neurophysiological Basis of Learning 
and Motivation. This was to be the first symposium 
ventured under sponsorship of the Society which would 
be concerned with neurophysiology in its relations with 
psychology. Dr. Robert Galambos promptly made the 
felicitous suggestion that Professor C. Judson Herrick, 
who had in that same week just turned his gist birthday, 
should be invited to be Chairman of the Symposium. 
Professor Herrick had contributed much of the ground- 
work of detailed neuroanatomy upon which brain 
physiology so obviously depends; moreover, he had con- 
tributed some of the most powerful functional generaliza- 
tions as to what mechanisms must underlie learning 
and motivation and how these may be conceived to 
operate in terms of both structure and function, includ- 
ing the subjective as well as objective aspects of neuronal 
processes. Professor Herrick was invited to be Honorary 
Chairman. It was represented to him that the advan- 
tages to being Honorary Chairman are substantially 
greater than those of the ordinary Chairman: if he felt 
unable to attend, or did not wish to officiate at the 
meeting, he could still be Honorary Chairman. We 


‘A symposium held in Chicago, Ill., April 12, 1960. Sponsored 
by the American Physiological Society. 
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hoped that he would be so interested in the subject matter 
and other participants in the Symposium that he would 
enjoy being Chairman de facto as well as Honorary. 

Professor Herrick set about immediately to write a 
paper “primarily for the active participants of this 
conference.”’ Within a short time he sent his manuscript, 
hammered out on his own typewriter. “Most of this 
matter is trite, but I feel that it is a good thing to be 
reminded in various contexts of familiar bits of common 
knowledge so that we may set the detail of a particular 
inquiry into its appropriate niche in the imposing struc- 
ture of science as a whole.” He spoke embarrassedly 
about the fact that he had to finish and submit his 
paper before he had been able to obtain copies of the 
new Handbook of Physiology, Section I, Volume 1, which 
had just been announced by the American Physiological 
Society, and the symposium on Brain Function and 
Learning which was shortly to take place under the 
auspices of the American Association for the Advance- 
ment of Science. 

On January 29, 1960, Professor Herrick died at his 
home in Grand Rapids, Michigan. The symposium 
conceived in his honor had to be held in his memory. 
His last paper was read before the symposium audience 
and portraits of Professor Herrick provided for the 
occasion by his daughter, Dr. Ruth Herrick, were 
projected during this reading to add a more intimate 
touch from this pioneer in basic neurology and psy- 
chology. 
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“We know a man by his words and deeds. What a man does 
is his life. As a man thinketh in his heart, so is he; but thinking is 
doing, and when thoughts are uttered the words express more 
than ideas; they mirror the man because they express his inner 
nature, they are a part of him.” (In: George Ellett Coghill, Naturalist 
and Philosopher. Chicago, Univ. of Chicago Press, 1949, p. 3.) 

“About 1890 Professor Henry Fairfield Osborn at Princeton] 
conceived the idea that it might be possible to. . . [cut] serial sec- 
tions through the entire body of a small animal and then [analyze] 
each nerve trunk under the microscope into its components. If 
each component were traced peripherally to its end-organs and 
centrally to its proper station within the brain, then the brain itself 
would be analyzed into regions defined by their peripheral connec- 
tions, sensory or motor as the case might be. Thus a physiological 
analysis would be effected by an anatomical method and mor- 
phology would begin to make sense in terms, not of abstract princi- 
ples, but of actual use in the operations of adjustment. 

‘This research was undertaken by one of Professor Osborn’s 
students at Princeton and later at Columbia, Oliver Strong, and 
it was brought to successful conclusion in his dissertation published 
in 1895. (Oliver S. Strong. The cranial nerves of the Amphibia. 
J. Morph. 10: 101-230, 1895.) In this period, while still an under- 
graduate at the University of Cincinnati and later at Denison, I 
was fumbling with the same problem. Upon the appearance of 
Dr. Strong’s thesis it was evident that his method was practicable 
and fruitful and I resolved to work with him. During the academic 
year of 1896-7 I sat vis-a-vis with Strong at a table in the Columbia 
zoological laboratory.” (C. Jupson Herrick. The cranial nerves. 
A review of fifty years. Denison Bulletin, Journal of the Scientific 
Laboratories. 38: 41-51, 1943.) 


As Professor Herrick’s work progressed, he became 
increasingly devoted to the relations that must obtain 
between operations of the brain, the internal experience 
of the individual concerned, and the outward expression 
of these transactions in behavior, including social be- 
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havior. He was always alert to the psychological meaning 
potential in every observed anatomical relation. ‘‘What 
is the relation between bodily structure as mechanism 
in action and the mental life which unifies and controls 
this activity?” This is a question which calls for more 
facts; facts concerning bodily processes, subjective ex- 
periences and behavior. These facts appeared to Pro- 
fessor Herrick to lead directly toward the establishment 
of an ethic without dogma, an ethic freed of external 
authority, an ethic based entirely on scientific principles. 

During 40 years, Professor Herrick enjoyed the close 
intellectual and scientific companionship of George 
Ellett Coghill who devoted himself to the behavior of 
developing primitive vertebrates, particularly Ambly- 
stoma. He also bore strong scientific ties with Professors 
Karl Lashley, Donald Hebb, and others interested in 
relating brain, mind and behavior. 

Professor Herrick and his friend Coghill discovered 
in the neuropil one of the most important mechanisms 
for integration. Its first appearance in the Amblystoma 
embryo was associated with the development of the 
capacity to swim. They looked upon the neuropil as 
responsible for the marvelous and dynamic modification 
of intrinsic activities by use and by the environment. 
They conceived the neuropil to undergo continuing 
growth and adjustment for as long as learning is possible. 

The first Symposium paper introducing original work 
was presented by Professor Clifford T. Morgan. Un- 
fortunately, for reasons beyond his control Professor 
Morgan was unable to provide a manuscript for publi- 
cation at this time. 





«|, it is emphasized that in these amphibian brains the histo- 
logical texture is generalized and probably at a primitive level of 
differentiation. The cell bodies of most of the neurons are densely 
crowded in a central gray layer next to the ventricle, from which 
their dendritic and axonic processes extend outward into the over- 
lying white substance, where they branch and interweave to form 
a dense fibrous fabric, the neuropil... . 

‘All neuropil is a synaptic matrix. Here every contact between an 
unmyelinated axon and a dendrite or a cell body is a synaptic 
junction. In general, every axon contacts many dendrites and every 
dendrite and cell body has contact with many axons which may 
come from diverse sources. . . . 

“This neuropil of primitive brains is regarded as the primary 
apparatus of integration... . - All parts of the brain are... bound 
together by a web of conductors which is relatively undifferenti- 
ated, though by no means equipotential, for each area of neuropil 


has its own characteristic peripheral and central interconnec- 
tions. ... 

“In the search for the organic basis of the integrative functions, 
of discriminative responses, of ‘choice’ (conscious or unconscious) 
of appropriate responses to particular excitations, and of that 
modifiability upon which depend memory and learning and all 
semantic activities (again conscious or unconscious), the presently 
available methods of neuroanatomy are obviously inadequate to 
do more than map the coarser features of the field to be explored. 
Yet this is an essential prerequisite for intelligent application of 
chemical, physiological and psychological techniques with mini- 
mum waste motion and futile groping. Here the study of develop- 
mental history —ontogenetic and phylogenetic—yields crucial data 
accessible in no other way.” (C. Jupson Herrick. Apparatus of 
optic and visceral correlation in the brain of Amblystoma. J. Comp. 
Neurol. 37: 97, 98, 105, 1944.) 
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Neurophysiological studies on learning 


and motivation 


ROBERT GALAMBOS 
Department of Neurophysiology, Walter Reed Army Institute of Research, Washington, D. C. 


I HAVE BEEN TOLD THIS IS THE FIRST TIME IN HISTORY 
that the American Physiological Society has sponsored 
a Symposium in which motivation and learning, two of 
the so-called higher functions of the nervous system, are 
to receive specific, explicit and exclusive consideration. 
Whether or not this information is correct, there cannot 
have been very many previous symposia like this one. 
Up until a very few years ago most physiological meas- 
urements taken from brain or body seemed at best very 
remotely related to learning, motivation or any other 
higher functions of the beain, and our Society is not 
known to encourage mere speculation and supposition 
in public places. 

Within the past few years, however, some astonishing 
developments in methodology, industriously applied to 
normal animals and people, have at last yielded measure- 
ments on brain function that seem to fill the void. Physi- 
ologists and psychologists in reasonably large numbers 
have begun to penetrate that bony shell within which 
nature hides the brain so securely, and their efforts are 
resulting in precise data on the neural events that occur 
when animals behave. My purpose here is to review 
some of these studies, and to relate their data—insofar 
as it is possible to do so at this early date—to learning 
and motivation. 


ELECTROPHYSIOLOGICAL STUDIES 


The electrical activity of the brain can readily be 
recorded, as everyone knows, through electrodes merely 
pasted to the scalp. However, when the electrodes are 
placed directly upon the brain surface, or even inserted 
into its depths, the brain waves become larger in ampli- 
tude (even though derived from a smaller number of 
cells), and more stable in form since unwanted artifacts 
are eliminated. Electrode proximity to the source of 
potential makes this generalization true, but such tech- 
nicalities need not divert us here. The essential point is 
this: wires implanted upon or in the brain are for several 
reasons far superior to scalp electrodes, and when such 
electrodes are permanently glued to the skull and 
attached to a suitable plug through which connection 
to an EEG machine can be made any time the experi- 
menter desires, the most reliable preparation for brain- 
wave recording will be achieved. 

Solving the many problems involved in successful 
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electrode implantation is commonplace knowledge in 
dozens of laboratories -throughout the world today, 
whereas ten years ago very few knew how to do it at all. 
This simple fact holds the key to much of the research 
activity leading to this symposium. 

Implanted electrodes permit examination and _ re- 
peated examination of electrical events originating in a 
given brain location during a significant portion of the 
life time of an animal. But besides this, they will equally 
readily conduct electricity from outside in, and so the 
experimenter may apply electric shocks to any local 
brain region whenever he wishes to do so. Thus it is 
largely because chronic implantation of electrodes 
permits reliable brain-wave recording and brain stimu- 
lation studies that publications about brain function in 
behavior have begun to appear in such large numbers. 


BRAIN STIMULATION 


This chronic implantation technique is not really new, 
and its roots lie in the distant past. Long before the 
modern era of plastic plugs, stainless steel screws and 
dental cement, Baer (1) illustrated a device to be screwed 
into a dog’s skull through which the cortical surface 
might be electrically excited. Actually, according to the 
Soviet physiologist Koshtoiantz (2), the first scientist 
ever to implant chronic electrodes successfully was a 
Russian named Simonov in the year 1866. 

Most historians however cite 1870, the year Fritsch 
and Hitzig produced contralateral limb movements by 
applying shocks to the frontal cortex, as the year in which 
the progenitor, intellectually and technically, of our 
modern brain stimulation efforts appeared (3). Through- 
out the go years intervening since that experiment, the 
main question it raised has been a matter of controversy. 
Does the brain truly possess “‘centers”’ in which special 
functions are somehow localized? Today the answer 
“yes” seems to appeal to increasingly larger numbers of 
biologists, and much of the most useful experimental 
evidence for the affirmative stand comes from studies 
using implanted electrodes for brain stimulation. Let us 
examine a typical one of them. 


THE THIRST CENTER 


It is an elementary observation that animals through- 
out life drink exactly the amount of water required to 
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compensate for what they lose. This precise regulation is 
not accidental, of course, and therefore they must some- 
how be neatly constructed to that end. It turns out that 
the brain mechanism responsible for this remarkable 
behavioral response, drinking what is physiologically 
required and no more, can readily be disrupted by 
electrical stimulation of the hypothalamus. Andersson 
and McCann (4) demonstrated this to be true in several 
studies with goats. Each of two such animals, in good 
water balance, was made to drink an excess of water 
equal to some 40 per cent of its body weight within a 
few hours merely by delivering electrical shocks to its 
brain through implanted electrodes. The shocks that 
compelied them to gorge themselves in a manner en- 
tirely foreign to normal goats were delivered to a par- 
ticular and restricted portion of the hypothalamus, the 
same one, incidentally, from which excessive drinking 
could also be induced by microinjections of hypertonic 
saline. Stimulation of no other region, including several 
very close by, produced the polydipsia. These experi- 
ments thus very reasonably define a true “center,” a 
restricted brain location which, when activated, provokes 
a specific behavioral response. 

The drinking response induced in the goats was not 
“simple,” as were the muscle movements discovered by 
Fritsch and Hitzig. The stimulated goats searched for, 
moved toward, found, lapped, and finally swallowed the 
water they did not need. When taught prior to electrode 
implantation that they must first climb steps in a certain 
manner to get the water—a conditioned response—they 
flawlessly executed this complex reaction also when 
stimulated (5). Unquestionably some tiny hypothalamic 
region aroused by the shocks possesses easy and unique 
access to those brain mechanisms that produce their 
drinking behavior. 

It is simplicity itself to move, if one is so inclined, from 
the experimental facts to the idea that the small hy- 
pothalamic region normally “monitors”? body water 
level, ‘‘decides” whether drinking behavior is called 
for and can “order” the entire animal to take appro- 
priate action. In short, one may conclude that a center 
for thirst exists. Its exact size, connections, and mode 
of action remain to be settled (6), but its participation 
as an important factor in motivating behavior seems 
established beyond question. 


SELF-STIMULATION 


If from the foregoing experiment we learn that a 
person need merely push a button to produce complex 
goal-directed behavior, from the following one we 
discover that an animal will come to push the button 
himself when by so doing he obtains shocks to his brain. 
This last fact, one of the outstanding neurophysiological 
discoveries of the past 10 years, has implications the 
full elaboration of which will carry us several long 
strides toward understanding motivation, learning, and 
still other features of complex behavior. 

As with so many great discoveries, this one also came 
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as a surprise, and by accident. Olds and Milner (7), 
studying learning in rats, placed within reach of an 
animal bearing implanted electrodes a lever which, when 
pressed, would close a switch and cause shocks to be 
delivered through the electrodes into its brain. Common 
sense predicts such a rat will either ignore the lever 
completely or, having pressed it once by chance, never 
go near it again. What started out to be a minor but 
necessary little control study ended up, however, as 
the first experiment of an important new research 
program, for once the rat did find the lever he refused 
to stop pressing it. Guinea pigs, cats, and monkeys 
have since been shown to behave in the same compulsive 
way. They will busily search out a hidden lever and 
accept punishment they do not have to take as they 
move toward it. On finding it at last they will if per- 
mitted manipulate it for days at a time, foregoing food, 
drink and even sleep as they work diligently to cause 
shocks to be delivered into their brains. What motivates 
these animals to do such unheard-of things? Is it some 
exquisite pleasure they receive, as several students of 
the problem staunchly contend, or the feeling of utter 
and complete well-being as others claim? 

These suggested explanations, and most of the others 
advanced, appeal, one notes, to a class of body phenom- 
ena physiologists traditionally have rarely undertaken 
to study, at least as far as one can judge from a look 
at the table of contents of the textbooks they use in their 
teaching. When has motivation and the emotions, feel- 
ings, and similar vague body states ever before seriously 
entered the realm of scientific discourse in physiology? 
To be sure, physiologists have puzzled over, written 
about, and a few have even experimented in this area of 
what most of us call “‘psychology,’’ but not with the 
widespread effort upon creative exploration of the brain 
mechanisms involved that has characterized the past 
10 years. Undoubtedly we shall be hearing even more 
of this kind of work in the near future. 


LEARNING AND THE EEG 


Some 18 months ago the Soviet Academy of Sciences 
sponsored in Moscow an _ International Colloquium 
on the EEG and Higher Nervous Activity. The published 
proceedings of the Conference (8) provide for anyone 
interested in the brain mechanism of learning as good a 
summary of world-wide views on the matter as exists 
anywhere. This Moscow Colloquium is a sample of 
many recent attempts to discover how far the study of 
brain waves has taken us toward understanding the 
neural events that transpire when animals learn. One 
could not hope to summarize the field they cover here, 
and so I shall merely describe a single experiment drawn 
from our own laboratory experience to illustrate how 
such studies go. 

The experimental subjects are cats and monkeys, all 
with wire electrodes implanted permanently in cortical 
and subcortical brain tissue (g-11). From time to time 
they are brought to an experimental room where these 
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EEG RESPONSES BEFORE REINFORCEMENT 


CLICKS 
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wires are attached through a plug to suitable EEG 
recording devices. Our interest is not in the spontaneous 
brain rhythms thus made recordable but in the pattern 
of electrical waves evoked from the brain by a sensory 
stimulus such as a click or flash of light. 

This evoked-response pattern fluctuates in amplitude 
and varies in duration as the animal spontaneously 
passes through, or is experimentally taken through, 
various behavioral stages. For instance, if the resting 
animal is exposed overnight to a click monotonously 
repeated every few seconds, its brain produces a modest- 
sized EEG reaction to that click the next morning (fig. 
1A). A familiar signal—the click that neither threatens 
ill nor promises good—provokes little reaction from the 
brain. But now let us arrange a rubber tube so that 
from a distance we may if we choose blow a puff of air 


into the animal’s face whenever the click sounds; the 
essentials for a simple Pavlovian conditioning experiment 
will thereby be realized. The click (conditioned stimulus) 
when reinforced by the mildly noxious air-puff (uncon- 
ditioned stimulus) becomes meaningful as a signal for 
the advent of an unpleasant event, or so it appears as 
we watch the animal’s behavior and introspect about 
our own reaction to a similar situation. The simple 
experiment regularly works, for when a puff of air is 
paired with the click several times, the click turns out to 
produce an EEG reaction that is large in amplitude and 
prolonged in duration, indicating considerable enhance- 
ment of the brain activity it sets into action (fig. 1B). 
This state of enhanced brain activity is not permanent, 
however, for if we stop puffing but continue to deliver 
the click every few seconds for hours on end, the brain 



















































































responses to them decline with time to the modest con- 
trol size once more. 

This rise and fall in EEG response-amplitude corre- 
lated with conditioning followed by extinction in the 
simple Pavlovian paradigm occurs throughout the brain, 
not merely in the cerebral cortex where such events were 
once thought exclusively to take place. The thought that 
for learning to occur widespread brain areas probably 
become involved in a particular sequence and order is 
merely one of the many new insights emerging from such 
EEG work carried on in experimental laboratories over 
the past few years. Dr. Adey’s presentation later in this 
Symposium will elegantly illustrate some others. 


PHYSIOLOGICAL SUBSTRATE FOR MOTIVATION AND LEARNING 


Severe problems face anyone who wishes to synthesize 
a satisfactory model out of modern information such as 
that on centers, self-stimulation, and the EEG changes 
in learning we have just briefly examined. The problems 
to be faced are by no means new ones, and they have 
been stated in many different ways, but I shall rephrase 
them once more nevertheless. 


NEUROPIL ORGANIZATION 

What are the mechanics by which a given collection 
of cells acquires and displays the properties of a “center?” 
Just exactly how does a group of hypothalamic cells 
become organized during embryology so as to regulate 
drinking behavior while another apparently similar 
group in the medulla comes to regulate breathing? 
C. Judson Herrick, whom this Symposium honors, 
spoke repeatedly of the “unknown mechanical principle” 
at work within such restricted regions of the nervous 
system, and his book (12) and the paper accompanying 
this one eloquently present his views. We need most 
urgently to know what goes on in those chaotic bramble- 
patches of dendrites, axon terminals, cell bodies and 
glia revealed by every electron microscope picture 
ever made of the central nervous system. 

Apparently no one has as yet discovered the special 
biochemical and/or biophysical keys to unlock the 
mechanics of this neuropil organization. When he 
does he will have some splendid opportunities to test 
Herrick’s ideas that the neuropil is involved both in the 
innate responses of organisms (e.g. drinking, in goats) 
and in the ones they acquire through learning. As an 
example of what pleasures lie in store for him consider, 
for instance, the recent report of Myers (13) that a 
chimpanzee with corpus callosum and anterior com- 
missure cut can readily learn to solve a complicated 
puzzle—but only with the one hand he was permitted 
to use in the training period. Given a chance to solve 
the same puzzle with the untrained hand (which a 
normal animal can do at once) he fails completely. 
Evidently the cortical hemisphere contralateral to that 
of the trained hand has been brought through this 
simple experiment into a state of organization which is 
entirely absent in the cortex on the opposite side. Some 
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specific change created in one half of the brain through 
learning simply does not exist in the other half. If Her- 
rick is correct, there is a significant difference in neuropil 
organization in the left and right cortical hemispheres of 
Myers’ chimpanzees. Who, we may ask, will be the first 
to define and measure this difference? 


INFORMATION TRANSMISSION 


Besides discovering what the physical and biochemical 
basis of ‘“‘centers’’ may be, neurophysiology faces the 
question of how the different brain regions so defined 
are interconnected and mutually influence one another. 
The goat set to drinking by electrical shocks applied 
to its hypothalamus does so because one neuropil region 
has direct and easy access to a distant one where the 
organization of motor responses appropriate for drinking 
behavior is somehow represented. What is the nature of 
this connection between one brain region and the next? 

Traditionally, neurophysiologists answer this question 
in two ways. They recognize, first of all, humoral factors 
both at the synaptic level where transmission is effected 
from pre- to post-synaptic neurons, and at what might 
be called the neuropil level where dissolved substances 
brought to the region via the blood determine whether 
or not the ‘‘center’’ will display its characteristic ac- 
tivity. The goat can be fooled into drinking more than 
he needs, one recalls, also by hypertonic saline injections 
into the hypothalamic thirst center, a fact that virtually 
proves the peculiar and specific chemical sensitivity 
of this particular cellular aggregate. Of what this sensi- 
tivity consists, and how a reaction in such cellular 
aggregates to fluctuating blood levels of this and that 
substance becomes converted into organized motor 
responses are old problems, but they remain vital issues 
for neurophysiology. The many special sessions on 
Neuropharmacology on the Federation program of 
which this Symposium is a part testify to the lively 
current interest in these matters. 

Besides these chemical routes by which information 
is transmitted to and within the nervous system, physi- 
ologists point of course to the neurons that stretch from 
one nuclear mass to the next and conduct physiologically 
all-or-nothing impulses in one of the two possible direc- 
tions between them. Neuroanatomical data are crucially 
relevant here, and I should like now to show and discuss 
a much simplified diagram portraying our present 
knowledge of the routes interconnecting the various 
brain regions. Figure 2 shows, at the left, the sensory 
inflow from the body surface distributing itself through 
the brain chiefly via the classical afferent pathways, on 
the one hand, and the more medial brain-stem regions 
“reticular formation’’) on the other. Both routes even- 
tually terminate in the cerebral cortex, and much specu- 
lation attaches to what their separate contributions may 
be at that ‘highest’? level where, as Dr. Sperry will 
develop shortly, we have excellent reason to believe 
neural events vital for at least some kinds of learning 
take place. 
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FIG. 2. A schematic anatomical diagram of the mammalian 
brain. Three major systems are shown: 7) Fiber bundles passing 
from and to the sense organs (here labeled classical afferent, and 
efferent sensory); 2) medial brain-stem structures (reticular for- 
mation); and 3) the limbic-midbrain circuit through which paleo- 
cortical structures (hippocampus, amygdala), hypothalamus and 
mesencephalic structures intercommunicate. Text discusses rela- 
tion of these systems to motivation and learning. 


On the right of the diagram appear two additional 
neuronal systems—the efferent sensory and the limbic- 
midbrain circuit. The first of these, the so-called efferent 
sensory pathway, has been under intensive study for 
several years but its function is still largely a mystery. 
Since these efferent (or descending) fibers largely origi- 
nate in and distribute to the nuclei of the classical 
pathways the idea that they somehow regulate the in- 
coming traffic from eye, ear and other sense organs 
has received serious consideration (14). The thought 
here is that the nervous system may be so constructed 
that it can decide for itself, so to speak, what aspects of 
the immediate environment it will permit to enter for 
processing. Goal-direction (another word for mcetivation 
in animal behavior) means selecting one course of action 
from among several possible ones, and this selection is 
performed in part by emphasizing certain sensory 
inputs at the expense of others. The possibility that the 
efferent sensory systems provide a means by which 
animals do indeed emphasize one sensory input over 
another in the common experience of attention (‘‘look- 
ing,” ‘‘listening’’) is an exciting new dimension we can 
confidently expect further investigation to explore. 

The limbic-midbrain circuit shown in the diagram 
has emerged within the past ten years as still another 
anatomical and physiological entity having important 
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implications for behavior. Anatomically the circuit 
consists, in essence, of a loop of fibers extending from 
medial midbrain regions into forebrain nuclei and then 
back again. Synaptic interruptions, particularly in 
the hypothalamus, characterize both the ascending 
and descending limbs of the loop, and thus ample op- 
portunities exist within it for integration of neural ac- 
tivities arising in many nuclear masses. Input from 
cingulate neocortex, which in turn receives afferents 
from the anterior thalamic nucleus, draws still other 
brain regions into the large loop, much of which has 
been known to anatomists for many years (15). 

Several developments have provided the impetus 
for current interest in this limbic-midbrain circuit, and 
these are adequately reviewed in the Handbook of 
Physiology (16). Physiological ablation, stimulation, and 
EEG studies implicate its nuclei and fiber tracts in a 
wide range on body processes. The thirst center, for 
instance, is embedded within the stream of limbic- 
midbrain fibers as these flow through the hypothalamus, 
and the self-stimulating animal works hardest and most 
reliably for shocks through electrodes implanted in some 
component or other of the limbic-midbrain circuit. 
The contributions of hippocampus during learning 
have for several years been under intensive EEG analysis 
as has the blood level of hormones under control of the 
neurohypophysis, itself a component of the large loop. 
The limbic-midbrain circuit, in short, is at once an 
anatomical entity, a conceptual framework, and a rich 
source of new data about brain function. To it comes 
information from all the sense organs (and in regions 
like the mesencephalic reticular formation and amygdala, 
light, touch, and sound stimuli all may drive a particular 
single cell), while out of it go the messages required to 
control numerous aspects of behavior (as illustrated by 
the goat forced to drink). It can be viewed as a brain- 
within-the-brain, the repository of those mechanisms 
that enable a species to display its characteristic be- 
havioral traits and the means by which cerebral cortex is 
prepared for whatever specific changes it undergoes 
during learning. Perhaps this view overstates the case, 
but for many students of motivation and learning it will 
doubtless continue for some time to supply new and 
experimentally testable hypotheses. 


RECAPITULATION AND SUMMARY 


The decerebrate or anesthetized animal cannot learn 
nor is it motivated, and hence the conventional physi- 
ologist of 10 years ago was barred from studying these 
matters even if he would. An unconventional physi- 
ologist, like C. Judson Herrick, who would study them, 
lacked the technical wherewithal to do so. Within the 
past 10 years however several technical advances, in- 
cluding safe and certain ways to implant electrodes and 
other devices, allow the brain of fully aware animals to 
be brought under detailed scientific scrutiny. Brain wave, 
ablation and electrical stimulation experiments con- 
ducted on such preparations combine with a flood of 
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new anatomical and biochemical data about the brain, 
to yield a veritable Niagara Falls of new information 
relevant to our problems. The task of relating these 
new facts to well-established old ones is a major intel- 
lectual effort. What old conceptions must we abandon 
and what are the outlines of a satisfactory conceptual 
framework that will organize these modern data from 
psychology, physiology, and anatomy? 

The ancient idea of centers—local brain areas in which 
specific and particular functions have special representa- 
tion—appears to gain rather than lose ground. The brain 
cannot be merely a collection of equipotential cells, and 
we have examined several dimensions along which one 
collection of cells turns out to differ from another. An 
assembly of hypothalamic cells—the thirst ‘“‘center’’ for 
instance—may display specific chemical sensitivity, 
and when electrically activated produce complex or- 
ganized behavior—in this case acquisition of water for 
drinking. We have not discussed temperature, hunger, 
respiratory or sexual centers, but they appear in prin- 
ciple to behave similarly. Another group of cells— 
localized, say, to part or all of one cerebral hemisphere— 
can be made to acquire a very specific organization 
necessary for performance of a complex manual task if 
an animal is given training and experience. Still an- 
other—the medial forebrain bundle of the limbic system, 
for example—produces a unique commotion within the 


brain of the self-stimulating animal, or at least so we must 
infer from his preoccupation with the lever-pressing that 
delivers him the shocks he works so diligently to obtain. 
These physiological and behavioral studies seem to be 
bringing specific brain sites important for motivation 
and learning more sharply into focus. 

Other experiments lead us toward the conclusion that 
several such regions participate, and in some orderly, 
temporally-dependent sequence, to produce the specific 
changes responsible for learning. Somehow the brain 
prepares itself for a change it is about to undergo, and 
the EEG studies currently being prosecuted in such large 
numbers yield much new information for sophisticated 
speculations on this preparation process. 

What we call motivation and learning will obviously 
be understood as soon as we understand the funda- 
mental mechanisms by which information is stored 
within and retrieved from the aggregates of cells making 
up a central nervous system. Herrick’s view, that detailed 
study of the biochemistry and biophysics of the neuropil, 
offers the greatest promise of bringing us to this goal, 
never made more sense than it does today. One can 
only regret that the vast armamentarium of modern 
physiology, psychology, and anatomy was not available 
to Herrick when, years ago, he was prepared to subject 
his cherished notion to critical experimental tests. 
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‘Attention was first directed to the peripheral nerves and their 
end-organs, which are, of course, most accessible for experiment, 
and we now have much exact information about what is going on 
in nerve fibers of various sizes and structure during nervous con- 
duction. Most of those peripheral nerve fibers connect with the 
central nervous system and the part that lies within the spinal cord 
or brain probably performs in much the same way as the pe- 
ripheral part. But those physiologists who hope to explain the func- 
tions of the central adjustors in terms of the laws of conduction 
observed in peripheral fibers and nothing more are deluded. The 
central structure is radically different and no mechanical model 
has yet been devised which seems adequate to perform the func- 
tions observed in the behavior of men, monkeys or rats. All of these 
animals condition their reflexes, learn by experience, exhibit be- 
havior which objectively we would call rational, can abstract from 
mixed experience its common features, and show types of sponta- 


neity and initiative which conform with none of our standard 
categories of behavior. A rat, so far as we know, has no abstract 
ideas, say of a triangle, but he can and does distinguish a triangle 
from other geometric figures and recognize it, regardless of size, 
position or illumination. Operationally considered, this is an ab- 
straction.”” (C. Jupson Herrick. The cranial nerves: a review of 
fifty years. Denison University Bulletin, Journal of the Scientific Lab- 
oratories 38: 42, 1943.) 


“The reason for the decussation of the major conduction path- 
ways of the somatic sensori-motor systems has puzzled neurologists 
for many years, and fantastic theories have been expressed, some 
bearing the names of great masters—Wundt, Flechsig, Cajal, and 
others. . .. None of these speculations have yielded satisfying con- 
clusions.”” (C. Jupson Herrick. The brain of the tiger salamander, 
Ambystoma tigrinum. Chicago, Univ. of Chicago Press, 1948, p. 289.) 
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Some developments in brain lesion 


studies of learning’ 


R. W. SPERRY 
Division of Biology, California Institute of Technology, Pasadena, California 


le FOLLOWING IS A RAPID SURVEY of some of the 
things we’ve been doing in recent years in following up 
what for present purposes may be called “the split-brain 
approach to the learning problem.” The general idea in- 
volved is simple enough: we first split the brain longi- 
tudinally down the middle to separate the right and left 
hemispheres, one of which is then reserved for the use of 
the animal, while the other is donated to science for 
application of the ablation and other methods of analysis. 

In the surgery, we first sever the large corpus callosum, 
the main connecting link between the hemispheres. 
Along with this we generally cut also the smaller hippo- 
campal and anterior commissures (see fig. 1). If vision is 
to be involved, the optic chiasm is divided in the midline 
or one of the optic tracts. For other purposes the following 
may also be sectioned: the massa intermedia, the haben- 
ular commissure, the posterior commissure, the quadri- 
geminal plate containing the commissures of the colliculi, 
and, in some of our more recent cases, also the cerebel- 
lum. The fibers of the small supraoptic commissures are 
presumed to be cut also. 

This is as far as we have carried the midline sections 
to date, but this does not necessarily represent a limit 
from the surgical standpoint. It would be quite feasible 
to continue cutting into the upper end of the tegmentum, 
but here one soon begins to encounter important decus- 
sating fiber systems that connect structures up and down 
the brain, the cutting of which, of course, is quite a dif- 
ferent thing from the cutting of commissural cross con- 
nections between homologous pairs of control centers. 

It can be seen that these midline sections, except for 
loss of part of the visual inflow, leave nearly all the sen- 
sory, motor and other brain-stem relations intact. Also 
the great bulk of the internal organization of each 
hemisphere is preserved. Accordingly, the two separated 
hemispheres following recovery from the surgery con- 
tinue to carry on most of their regular functions and the 
subsequent behavior is remarkably normal in character. 
In fact, monkeys so operated upon are hardly distin- 
guishable from their norma] cage mates under most 
ordinary circumstances, especially if the cerebellar sec- 


1 Original work reported here has been supported by the 
National Science Foundation, the National Institutes of Health, 
and the F. P. Hixon Fund of the California Institute of Technology. 
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tion is not included. One does not notice any paralyses, 
spasticity, ataxia, no forced circling or other asym- 
metries, no hyperactive pacing nor apathy, automatisms 
nor mutism, nor have we observed to date any auto- 
nomic dysfunctions. Some slight changes in eye move- 
ments may be noticed in cases with section of the pos- 
terior commissure and/or quadrigeminal plate. Those 
with the cerebellum divided have shown some weakness 
and unsteadiness especially noticeable during the first 
months after surgery but it diminishes gradually. For the 
most part the monkeys appear normal and are quite 
suitable for behavioral testing. 

However, when one studies more carefully the learn- 
ing and memory of such “split-brain” animals under 
special training conditions where the inflow of sensory 
information to each hemisphere can be separately re- 
stricted and controlled, it is possible to show that each 
of the divided hemispheres now has its own separate 
gnostic or cognitive system: its own separate perceptual, 
learning, and memory processes. It is as if neither 
hemisphere any longer has any direct knowledge of what 
the other is doing, nor any direct memories of what has 
been going on in the other hemisphere subsequent to the 
time of section. 

Although there were some intimations that this might 
be the case in the earlier literature on the corpus callo- 
sum, they were outweighed by confusing and contra- 
dictory observations (1). The first convincing demon- 
stration was obtained by Ronald Myers in a nice series 
of experiments beginning about 1953 (16) which he 
carried out on the functions of the corpus callosum and 
on interocular transfer in the cat. In brief, Myers showed 
that a cat with midline section of the optic chiasm and 
forebrain commissures is unable to remember with one 
eye visual pattern discriminations learned with the other 
eye (12-14). In fact, with the second eye such a cat easily 
learns a discrimination habit that conflicts directly with 
what it had just previously learned with the first eye. 

At this point the question immediately arose as to how 
separate in their function the two hemispheres really are: 
For example, might it be that the unblinded side in a 
commissurotomized cat is simply much more dominant 
than is usual with the corpus callosum intact and tends 
to drain the attention off to the unblinded side? In partial 
answer to this we find that extensive cortical removals 











hippoc. commissure : 
PP haben. commissure 


corpus callosum quadrigem. plote 














ed ¢ 
anter. commissure Fors 


optic chiasm~€ 


massa intermedia 





poster. commissure 
Fic. 1. Midline structures sectioned in surgical splitting of brain 
into right and left halves. Division of cerebellum has been added 
to above in some experiments. 


on the unblinded side, that would be expected to depress 
severely any dominance of this hemisphere, still do not 
force visual learning of pattern discriminations over into 
the other separated hemisphere (20, 24). Also, when we 
compared the learning curves of the second eye with 
those of the first eye on a statistical basis, we found no 
significant carry-over from the training of the first eye 
to that of the second (25). Thus the visual learning of the 
second eye seemed to benefit in no way from that of the 
first. It was as if in using the second eye, the cat had a 
selective visual amnesia for the learning experience with 
the first eye. 

The training and testing in these experiments is 
carried out in a type of discrimination box that I had 
designed earlier for studies of detailed pattern perception 
in the cat. The basic principle involves putting the ani- 
mal inside a darkened box where the only light enters at 
one end through a pair of translucent stimulus patterns 
that the animal is being trained to discriminate. The cat 
walks up to and pushes its head into the stimulus figures, 
mounted in swinging doors, the correct one of which will 
open and give access to a bit of food on a tray outside the 
box. And the final technical point—the stimulus figures 
are of a size roughly the same or slightly smaller than 
that which will admit passage of the animal’s head. 
Whatever the critical factors, the apparatus has enabled 
us to get extremely refined pattern and size discrimina- 
tions, and to quantify the cat’s perceptual performance 
with test scales based on graded reduction of dissimi- 
larity. Vision of one eye is occluded during the training 
sessions by having the cat wear a rubber eye patch as 
devised by Myers. 

Let me emphasize at this point that I am serving 
pretty much as a spokesman here, for work that has been 
very much a group effort. In addition to Myers who got 
the project off the ground to a good start, there have 
since been a dozen or so research fellows, graduate stu- 
dents and assistants who have all made their important 
contributions. 

In another apparatus engineered by John Stamm, we 
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found that the same kind of functional independence 
prevailed in the separated hemispheres with respect to 
the learning of somesthetic discriminations that involved 
touch and pressure on the surface of the forepaw (26). 
The cats were trained to push the correct one of two 
pedals which they were unable to see and had to dis- 
criminate entirely on the basis of touch. Again, a com- 
parison of the learning curves revealed that the strong 
transfer of training from the first paw to the second in 
normal control cases was entirely lacking in those cats 
in which the corpus callosum had first been sectioned. 
This lack of transfer applied as well to the motor learning 
that was involved in gaining proficiency in the operation 
of the pedals. Hence it was inferred that in the split brain 
cat ‘‘the left forepaw knoweth not what the right forepaw 
doeth.” 

With respect again to learning and memory in the 
visual sphere, the findings in the cat have been confirmed 
also for the monkey by both Dr. Downer (2) and myself 
(21) quite independently. Perhaps it should be mentioned 
here that the attempt to test the effect upon visual learn- 
ing and memory of combined section of both the optic 
chiasm and corpus callosum is something that has been 
tried a number of times in the past and abandoned, 
largely because of the surgical problems. The present- 
day success can be attributed in large measure, in our 
own case at least, to the carry-over to the mammalian 
brain of the surgical procedures of experimental embry- 
ology adapted originally to salamander larvae and frog 
tadpoles. In the main this involves the use of a high- 
powered stereoscopic microscope for most of the finer 
aspects of the surgery along with correspondingly deli- 
cate instruments. In our own case it also includes adap- 
tation of the operating table for use in the sitting posi- 
tion, not only because of the fatigue factor, but also for 
the increased support, steadiness, and prolonged concen- 
tration that it favors. 

The monkey is much less inclined to be cooperative 
than is the cat about the wearing of an eye patch, and 
accordingly I devised a training box by which we can 
restrict vision to one or the other eye. Essentially it has 
two eye apertures so positioned with reference to head 
restraints that one of the peepholes is accessible only to 
the right eye, and the other only to the left eye (fig. 2). 
Either or both eye apertures can be opened or closed 
from trial to trial. In addition, there is a sliding panel 
that controls the use of the arms and allows the pairing 
of either eye with either hand from trial to trial. This 
has the advantage over the use of an eye patch, corneal 
occluders, or sewing of the eyelids in that it is possible 
to switch easily back and forth from one eye to the other 
in a given series of trials. 

One can give a few trials to the right eye and then a 
few trials to the left eye, and so on. If this is done while 
the monkey is in the process of learning two conflicting 
pattern discriminations with right and left eyes, it is 
possible to show that while one brain half is learning to 
select, say a triangle and avoid a square, the other 
hemisphere can be learning at the same time to do exactly 
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the reverse. Under these conditions the two learning 
curves then rise in parallel concurrently in the separated 
hemispheres, with no particular retardation nor cross 
interference apparent (23). Needless to say, the normal 
monkey brain does not operate in this way. 

More recently we’ve been trying to carry this a step 
farther in an effort to find out if such reversed discrimi- 
nation learning could proceed in the separated hemi- 
spheres, not only concurrently but really simultaneously. 
Instead of switching alternately from one to the other 
eye, both eyes are used on all trials and the training con- 
ditions are arranged so that each single trial feeds back 
conflicting data simultaneously into the separate hemi- 
spheres. To state the problem another way: does the 
split-brain monkey, while learning new visual habits 
under these conditions, have to pay attention to what’s 
coming into only one eye at a time—or, can the monkey 
attend to what is coming into both eyes simultaneously, 
deal with both sets of conflicting information, file them 
in two separate memories, and so on thus learning simul- 
taneously and in parallel the two reversed discrimina- 
tions? 

A method by which this can be tested based on the use 
of polarized light (27) had already been devised by 
Colwyn Trevarthen for studies on conflict. In his ap- 
paratus diagrammed in figures 3 and 4 the pair of pat- 
terns to be discriminated is shown through two projec- 
tors, one for each eye. Each of the projectors has a 
polarizing filter in front of it, the one filter set at right 
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angles to the other. These two filters are interchanged at 
random, right to left, from trial to trial. Both sets of 
patterns from each projector are projected on top of each 
other on two plastic screens, one of which the monkey 
pushes in order to obtain a reward. Another filter in front 
of each eye cuts out the patterns from one or the other 
projector from trial to trial. 

With this set-up the two plastic screens appear to one 
eye as if, for example, there is a circle on the left and a 
cross on the right, while to the other eye it appears just 
the reverse, as if the cross were on the left and the circle 
on the right. Thus, while one eye sees the hand reach out 
and push the circle on the left, the other eye views the 
same act as a reaching out and pushing of the cross on 
the left. Any kind of projectable figure can be used and 
the pairs of patterns can be simply different as well as 
reversed. Essentially the apparatus is a monkey automat; 
a correct choice activating a micro-switch that releases a 
peanut, dehydrated banana tablet, or other monkey 
delicacy. 

The procedure is to allow learning to progress under 
these conditions with both eyes open until the learning 
curve reaches a level of 85 or go % correct. At this point 
each eye is tested individually to find out if the learning 
has been taking place in one hemisphere only, or in both, 
and to what degree. In his tests to date involving three 
split-brain animals, Trevarthen has found that the pro- 
portion of learning found in the right and left eye varies: 
a) One eye may learn fully, the other only partly or not 
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Fic. 2. Profile and front diagrams of visual discrimination train- 
ing apparatus for controlling use of different eye-hand combi- 
nations. 


FIG. 3. Diagram illustrating use of polarizing light filters to 





present different visual problems to right and left eyes simul- 
taneously. Inversions produced by projector and ocular lenses are 
omitted 

FIG. 4. Profile sketch of same apparatus illustrated in fig. 3. 
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at all. 6) In some cases neither eye can perform the dis- 
crimination alone, but together they are successful, sug- 
gesting that different components of the same habit 
complex may be learned on right and left sides and that 
the neural changes of an engram may be complex and 
divisible. c) Each eye may fully learn its own problem. 
Although chance is largely against such an equal balance 
of the learning on both sides, occasional instances have 
emerged in which both eyes have fully learned, simulta- 
neously, their opposed discriminations. 

In other words, in these instances, in approximately 
the same order of time that it takes a plain ordinary- 
brained monkey to learn one discrimination habit, the 
altered, double-brained monkey may successfully master 
two such problems. This result is less favored during the 
first few problems than it is later after the monkey has 
become proficient in the use of the box and in the pairing 
of either hand with either eye. 

This evidence of simultaneous reversed learning in the 
separated hemispheres, gives us some things to think 
about with respect to learning theory, and the role in 
learning of the attention process referred to above and 
of other components of learning, such as the motiva- 
tional background and mental, perceptual and motor 
sets. Are all these constituents of learning duplicate, or 
perhaps bifurcate in structure, with prongs qualitatively 
different in the two hemispheres? The next step calls for 
tachistoscopic (quick flash) presentation of the stimulus 
figures to further reduce the attention span. 

When the monkey has been trained through the left 
eye to select a circle and avoid a cross and through the 
right eye to do just the reverse, the two hemispheres get 
along harmoniously enough so long as what looks like a 
circle to the right eye appears like a cross to the left. But 
now suppose that we rotate one of the eye-filters go°, so 
that each eye sees the same set of patterns from the same 
projector. With one brain trained to reach for the left 
plaque containing the circle and the other trained to 
reach for the right plaque containing the cross, what kind 
of mental conflict will arise? Will each hemisphere try 
to decide for itself, or will one follow the decision of the 
other? Actually, what Trevarthen finds is that the 
monkey in this situation may exhibit some extra hesi- 
tancy and indecision, but no extreme conflict. One or 
the other brain tends to take over to select consistently 
either crosses or circles. The dominance shifts from time 
to time from one hemisphere to the other as a result of 
factors that only in part can now be predicted or con- 
trolled. This would seem to be just another example of 
the fact that brain organization from the highest to the 
lowest level tends to be an “either/or” kind of thing. 
Either one excitation pattern prevails or another; but it 
is the rare exception that competing patterns produce a 
confused mixture. 

So much for the evidence for independent learning 
and memory in the two separated hemispheres. Given 
now these two independent learning and memory sys- 
tems operating in parallel, let’s turn back to our original 
proposition: that is, to leave one of the learning systems 
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for the use of the animal, while we take the other for 
experimental analysis. 

Briefly, what are some of the kinds of things that have 
been and can be done with this approach? Especially 
what are some of the advantages of using the half brain 
for analysis instead of the whole brain? The advantages 
to the animal over the usual bilateral invasion are ob- 
vious; the gains are also considerable from the experi- 
mental standpoint. But first in this connection, it is worth 
our remembering that the half brain is, after all, nearly 
a whole brain in the sense that it contains a full comple- 
ment of all the cerebral integration centers and cortical 
areas and all their interrelationships excepting only the 
right-left cross connections. Practically the entire pat- 
tern and most of the problems of cerebral organization 
above the midbrain level are there for the unravelling 
within the haif brain. 

One obvious advantage of the split-brain preparation 
lies in the factor of built-in controls—of many kinds, of 
the homozygous, identical-twin quality with additional 
common denominators in experiential factors—not only 
for the testing of learning and memory, but also for acute 
physiological studies as well. By restricting the sensory 
inflow to one side, or by other procedures that cause the 
animal to attend in, and use, one hemisphere; the effect 
of unilateral lesions, drugs, shock and anesthetic adminis- 
trations can be checked and compared with the function 
of the normal side. 

Another advantage lies in the possibility of investi- 
gating the role in learning of cerebral structures such as 
the caudate, the primary motor cortex, and others, the 
bilateral ablation of which produces incapacitating or 
other secondary effects that act to obscure or confuse 
possible contributions to learning. Each control center 
tends to be involved in a whole spectrum of different 
functions, and in many cases only the more basic impair- 
ments can be inferred after bilateral removals, the others 
being hidden or untestable in the presence of the former. 

The split preparation similarly offers the possibility of 
using much larger ablations even to the extreme of re- 
moving most of the neocortex and working with isolated 
functional remnants. We have isolated the visual cortex 
of the cat in this way (see fig. 5) and found that extremely 
little vision survives such isolation (20, 24). A next step 
is to go back and to restore in other animals different 
portions of the removed cortex to determine the respec- 
tive contributions of each to visual learning and memory. 
Comparison of the effects of temporal and frontal re- 
movals indicates that in the cat the temporal lobes are not 
as important for visual discrimination as they are in the 
monkey (11). 

A very different result was found to follow similar sur- 
gical isolation of the frontal cortex including the somatic 
areas. In this case the isolated remnant was found to be 
capable of mediating excellent learning and memory of 
new somesthetic discrimination habits performed in a 
pedal-pressing apparatus (22). The elusive engrams ot 
memory trace for these new habits would seem to have 
been, if not trapped, at least cornered within the local 
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FIG. 5. Central visual cortex is surgically isolated in left hemi- 
sphere; right hemisphere serves as control. 


cortical area indicated in figure 6. It should be possible 
to further localize the engram by paring away the an- 
terior, medial, and ventral edges of the area, and also to 
test the contribution of various subcortical centers that 
remain undegenerated like the caudate, amygdala, and 
hippocampus by prior placement of deep stereotaxie 
lesions. The preparation thus furnishes a promising 
means for determining the critical minimum cerebral 
apparatus essential for learning and memory of somes- 
thetic discrimination in the mammalian brain. 

To further assure in the foregoing experiment that the 
habits were not being mediated by the contralateral 
somatic cortex, a complementary removal of the same 
area was made on the opposite side. To start making 
lesions in the hemisphere that was set aside for the use of 
the animal may not seem exactly fair, but at least a 
“trade” was made. At any rate, the feasibility of adding 
complementary lesion patterns in the intact hemisphere 
of the split brain offers further possibilities for the 
analysis of functional relationships. 

There are other promising angles in the foregoing 
“somatic island preparation” for the investigation of learn- 
ing: For example, we could test its proven pedal-pressing 
learning capacity using visual or auditory instead of 
tactile stimuli; that is, we could ask, “Could such a cat 
learn to press a pedal that activates the correct one of two 
different tone patterns, first, with the auditory cortex in 
the opposite hemisphere?” If not, could it then do so if 
an isolated patch of auditory cortex were to be left on 
the same side as the somatic island? Should the answer 
still be no, then what kind of intracortical bridges and 
connections are needed to satisfy the learning require- 
ments? 

Figure 7 illustrates a basic type of complementary 
lesion preparation we’ve been using with a number of 
Variations to study visuo-motor coordination. The ex- 
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FIG. 6. Capacity for high-level somesthetic discrimination learn- 
ing and memory survives isolation of the frontal cortex as shown- 


perimental question here was: “Can visual information 
that is processed in one hemisphere serve as a guide for 
limb responses, the cortical centers for which lie in the 
opposite hemisphere and surgically separated from the 
visual inflow??? And, in another experiment with the 
same type of preparation, “Could a visual signal be used 
as the conditioning stimulus for a conditioned flexion 
response of the forelimb in question?”’ The evidence so 
far indicates that the answer will be ‘‘yes” to both of these 
questions (unpublished observations of R. E. Myers, 
R. W. Sperry and Nancy Miner, and of T. J. Voneida 
and R. W. Sperry), but there are qualifications and of 
course each new answer raises four new questions. 

The visual guidance of a limb, the main cortical con- 
trol centers for which lie in the hemisphere opposite that 
of the visual inflow presents certain problems. The split- 
brain monkey with unilateral vision shows a tendency to 
prefer to use the arm governed from the same hemi- 
sphere, i.e. the contralateral arm. However, this is only 
a tendency and it is easily overcome in a matter of hours 
in most of our training situations (23, 27, and unpub- 
lished observations of RE. Myers, R. W. Sperry and 
Nancy Miner). On the other hand, this tendency can be 
enhanced in other testing circumstances to the point 
where use of the ipsilateral arm may appear extremely 
difficult or impossible for a prolonged period (3). How- 
ever, preference for the ipsilateral arm may prevail when 
the given arm is strongly dominant either naturally or 
as a result of training in a particular apparatus. 

It was found that the split-brain cat readily uses 
either forepaw to carry out visual directives in the learn- 
ing of visual discriminations with one eye (19). Monkeys 
also are able to use either hand under similar conditions, 
but there is a difference between the ipsilateral and con- 
tralateral performance, the contralateral arm having the 
advantage (27). 
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stimuli from right hand survives surgical splitting and cortical 
removal as indicated. 

FIG. 9. Two of various possible unilateral approaches to the 
classical temporal and prefrontal lobe syndromes. 


Visuo-motor coordination and visual conditioning of 
right foreleg response survive this kind of surgical separation of 
visual and limb areas of cortex. 

Fic. 8. Capacity to integrate visual stimuli with somesthetic 
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Analagous to the above sensori-motor type of integra- 
tion, there are various sensori-sensory integrations that 
can be analyzed to advantage with the split-brain tech- 
nique. Figure 8 illustrates an approach to a form of 
visuo-tactile association. The monkey is trained to per- 
form a discrimination problem that requires in each trial 
an association of both visual plus somesthetic cues. By 
controlling the hand and the eye used, and thereby the 
cortical receptor centers involved, we can test intra- and 
inter-hemispheric integration with and without different 
parts of the corpus callosum, and then with various types 
of separating cuts and ablations to analyze the kind of 
neural association required for such a performance. 

It was somewhat of a surprise to find that with somes- 
thetic stimuli entering the hemisphere opposite that of 
the visual inflow, the monkey was still able to perform 
the visuo-tactile integration. I first used color and weight 
(largely proprioceptive) discriminations (23) and have 
now repeated the results with black and white pattern 
and cutaneous rough-smooth stimuli. Performance with 
the latter is retained even after midline section of the 
habenular and posterior commissures, the massa inter- 
media, and the quadrigeminal plate in addition to the 
corpus callosum and anterior and hippocampal commis- 
sures. Removal of the bulk of somatosensory arm cortex, 
on the side of the visual input as indicated in the figure, 
abolishes the performance with the affected hand for 
several weeks. Meantime, however, the other hand con- 
tinues to perform above 95% correct. This puzzling 
result is under further investigation. 

In this connection I am reminded that it is perhaps as 
important as anything to point out that in working with 
this twin brain preparation we have often been forced 
into new patterns of thinking. That is, not only does one 
see new approaches to old problems, but in many cases 
one is forced into asking entirely new kinds of questions 
about brain physiology, questions of a sort that I, at 
least, would never even have thought of asking with the 
usual bilateral approach. 

When we turn to the evidence regarding intermanual 
transfer of somesthetic discriminations and of motor 
learning in the primates, the results have not been en- 
tirely consistent (4, 6-8, 10, 15, 21, 23). In our own ex- 
perience section of the cerebral commissures may lead to 
failure of intermanual transfer but not in all cases nor 
under all conditions. We have observed intermanual 
transfer in chiasm-callosum sectioned monkeys that were 
sophisticated in using either hand with either eye and 
were trained with pairs of objects that were left in sight 
because they were distinguishable only by touch not 
vision, the one being harder, or heavier, or looser than 
its mate and this being discernible only upon palpation. 
Also, removal of the somatosensory arm cortex as shown 
in figure 8 has been found to evoke transfer on subse- 
quent testing in split-brain monkeys that had formerly 
failed to exhibit transfer on problems tested prior to the 
cortical removal (10). The interpretation of this is com- 
plicated at present by the fact that a trained reversal of 
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the transferred task consistently fails to transfer back 
again to the first hand (10). 

Some transfer effects also show up in visual learning, 
according to data obtained by Trevarthen in monkeys 
with presumably complete section of the callosum, 
anterior and hippocampal commissures and_ optic 
chiasm. So far the transfer influences seem to be confined 
to brightness, general color and possibly very simple 
forms of pattern discrimination. All these may be aspects 
of visua! stimulation that cross at the collicular level of 
the midbrain and hence cases are being tested with more 
extensive midline sections that include the posterior 
commissure and quadrigeminal plate. 

In figure 9A may be recognized a unilateral approach 
to the classical Kliiver-Bucy temporal lobe syndrome 
and some of its subsequent fractionations (5) and in 9B 
the same for the old prefrontal lobe syndrome and its 
role in visual delayed response. In the former case the 
operation may make the monkey ‘unilaterally tame” for 
a while, i.e. placid in its response to touch and stroking 
of its limbs and body parts contralateral to the temporal 
lesion (John Steiner, unpublished observations). In the 
latter case (g) the delayed response performance is im- 
paired in the absence of the usual hypermotility and 
distractibility that have followed bilateral removals and 
that for years, have tended to confuse the interpretation. 
In each instance one gains new data and information as 
to whether certain of the symptoms involve direct intra- 
hemispheric relations or are perhaps more distant sec- 
ondary effects stemming from hyperactivity, tempera- 
ment changes, and the like, involved in the bilateral 
removals. 

The so-called encephale isolée, and cerveau isolé prepara- 
tions of Bremer and his group (1) have found consider- 
able use in physiology. It should not be out of the ques- 
tion to go further and prepare isolated half-brains of 
different forms and degrees of isolation that would be 
used in the chronic condition, i.e. carried around by the 
animal zn vivo in the brain’s natural habitat under nor- 
mal biochemical conditions, and recovered from the 
acute effects of diaschisis for use in implanted electrode 
conditioning and other physiological studies. 

By combining various ablations and sections like those 
described above with local stereotaxie lesions in sub- 
cortical nuclei, it is possible today with methods now 
available to attain a fairly extensive surgical dissection 
of the mammalian brain, and to set up a large variety 
of combinations and permutations of cerebral centers in 
chronic preparations for functional testing and analysis. 
Combine with this the analytic possibilities brought by 
the chronically implanted electrode for recording, stimu- 
lating, and self-stimulating plus the new automated 
training and programming techniques, and those of us 
working in the physiology of behavior find ourselves 
today surrounded by seemingly endless new possibilities 


just waiting for the doing. 


In the outlook for physiology, particularly that of the 
younger people, perhaps even those top level secrets of 
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brain function that to Professor Herrick were always 
primary and which gave a perspective and an added 
meaning to all his observations, whether he was looking 
at a synapse or at a hemisphere, need not remain so much 


longer, ‘‘impossibly remote and out of reach.” 
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Our brain surgery on monkeys has been performed during the 
past 18 months almost exclusively by Dr. Harbans Arora. Lois 
MacBird has carried the major responsibility for the training, and 
medication of the animals and for general laboratory assistance, 
I wish also to thank Colwyn Trevarthen and Drs. Mitchell Glick. 
stein and John Steiner for permission to mention some of their 
unpublished findings. 
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“In attacking the problem of the origin and biological signifi- 
cance of the cerebral cortex comparative neurologists have hitherto 
generally directed their attention primarily to the cortex itself and 
its supposed primordia in the lowest vertebrates. As a result of 
these studies it is becoming increasingly evident that the key to 
this difficult question is to be sought in the subcortical centers of 
the primitive types, that is, in the ‘old brain’ (palaeencephalon of 
Edinger, segmental apparatus of Adolf Meyer), which attains its 
definitive pattern as a mechanism for reflexes and instincts prior 
in evolutionary history to the emergence of true cortex (neencepha- 
lon, or suprasegmental apparatus of the forebrain). It is important, 
therefore, that the exact pattern of these primitive sensori-motor 
mechanisms of the forebrain be determined in advance; for here 
are to be sought the primary physiological factors through whose 
interaction the functional pattern of the cerebral hemisphere has 
been elaborated.”’ (C. Jupson Herrick. The internal structure 


of the midbrain and thalamus of Necturus. J. Comp. Neurol. 28: 
216, 1917.) 

“The anatomical configuration and connections of the amygda- 
loid complex suggest that as a whole it possesses a certain physio- 
logical unity and that the component parts of this integrated com- 
plex are diversely represented in various vertebrate types, -in 
accordance with their respective modes of life. The amphibian 
relations suggest, further, that the correlation of olfactory, gusta- 
tory, and perhaps other excitations arising from food within the 
mouth was the original integrating physiological factor... . 

“The mammalian amygdala, like many other complex correla- 
tion centers, is a mechanism in which there converge into final 
common paths numerous very diverse kinds of peripheral excita- 
tion—some of visceral (interoceptive) type and some of somatic 
(exteroceptive) type.’ (C. Jupson Herrick. The connections of 
the vomeronasal nerve, accessory olfactory bulb and amygdala in 
Amphibia. J. Comp. Neurol. 33: 274, 1921.) 
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Brain mechanisms and the learning process' 


W. R. ADEY 


Departments of Anatomy and Physiology, University of California at Los Angeles; and 
Veterans Administration Hospitals, Long Beach and Los Angeles, California 


a PAYING HOMAGE TO THE MEMORY of Charles Judson 
Herrick, the neurophysiologist and neuroanatomist is 
confronted with a herculean task. For this man demands 
no prosaic elegy, no perfunctory appraisal of good re- 
search, neatly contrived and meticulously executed. 
Indubitably, all this was his, and yet there was so much 
more to the mighty frame in which he lived and worked. 
It is surely not too much to say that he has made for 
himself, in the truly epic quality of his research, a place 
amongst the immortals. 

In the last 30 years, the neuroanatomist has found 
himself challenged on every hand by the physiologist’s 
direct testing of virtually all of the major anatomical sys- 
tems within the brain. This testing has cast into musty 
oblivion many of the classical anatomical concepts, and, 
at the same time, has revealed new systems and new 
patterns of organization which have been, in themselves, 
a challenge to the morphologist to seek new and finer 
ways of unravelling brain structure. Parenthetically, 
these recent joint physiological and anatomical studies 
have aimed, albeit with a slow and halting approach, at 
an understanding of the dynamic aspects of on-going 
patterns of organization in the living nervous system, 
insofar as they might relate to the brain’s participation 
in behavioral processes. 

It is in this very context that Herrick’s singular genius 
showed itself. In his research, he stepped boldly from the 
morphological frame to postulates on the role of different 
brain regions in behavioral processes. He may be truly 
described as the apotheosis of a long line of such investi- 
gators, including Broca (15), Elliot Smith (19) and 
Johnston (34). Many aspects of his remarkable extrapo- 
lations and generalizations from the brain of the tiger 
salamander (29) have been tested in the finest of modern 
physiological and behavioral research and not found 
wanting. 

Let us therefore take as our point of departure in this 
rather devious discussion of brain mechanisms in the 
learning process Herrick’s (29) own evaluation of the 
development of the forebrain pallial areas in the sala- 
mander. 





'The studies presented here were undertaken with assistance 
of Grants B-1883 and B-610 of the U. S. Public Health Service. 
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MORPHOLOGICAL CONSIDERATIONS IN 
FOREBRAIN DEVELOPMENT 


Herrick (28) noted the differentiation of 3 pallial 
areas in the vertebrate forebrain. A dorsal pallium on the 
lateral aspect of the hemisphere lies between the hippo- 
campal cortex on the medial wall and the pyriform 
cortex ventrally. In evolution, the reptiles were the first 
to show infiltration of this dorsal pallial cortex by non- 
olfactory fibers, which also spread to the adjacent hippo- 
campal cortex, where a widespread intermingling of 
somatosensory and olfactory influxes takes place. Herrick 
further noted that the mammillary and interpeduncular 
nuclei might constitute final common paths from the 
olfactory cortical areas of the hippocampal and pyriform 
zones, and that the main motor outflow from these 
centers was directed into the apparatus of locomotion 
and mass movement. 

It was to the interrelations of this so-called olfactory 
cortex with other cortical areas that Herrick’s (28) at- 
tention was particularly directed. He remarked that, at 
all stages of cortical elaboration, an important function 
of the olfactory cortex, in addition to participation in its 
own specific cortical associations, is to serve as a non- 
specific activator for all cortical activities. He envisaged 
his generalized activity as primitive in type, acting on 
the neopallial cortex as a whole, “‘lowering its threshold, 
or increasing its sensitivity, or in the case of noxious 
stimuli, exciting an inhibitory influence. It gains ex- 
pression in overt behavior, learning capacity and 
memory as a differential influence on exteroceptive 
sensorimotor mechanisms having well-defined anatomi- 
cal and physiological localization.” In the absence of 
any localization of its own, it may exert its effects either 
on exteroceptive systems producing external orientation, 
or upon the internal apparatus of general bodily attitude, 
disposition and affective tone. 


RECENT STUDIES OF CORTICO-SUBCORTICAL 
INTERRELATIONS 


It would seem apposite to mention here in historical 
purview the growth of ideas which have culminated in 
recent attempts to unravel the tangled skein of interrela- 
tions between the rhinencephalic cortex and subcortical 
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FIG. 1. Aspects of activity in the reticular activating system (A). 
Collaterals from principal sensory pathways may enter the ascend- 
ing reticular system and so exercise widespread cortical influences. 


regions. Broca (15) first grouped these medial cortical 
areas under the term “limbic lobe.’ His studies have 
been reviewed by Maclean (40). In his “proposed mecha- 
nism of emotion,” Papez (43) suggested a series of path- 
ways from the hippocampal gyrus, through the hippo- 
campus and into the fornix bundles to the mammillary 
bodies. Further relays in the mammillothalamic tracts 
carried this activity to the anterior thalamic nuclei, and 
so to the cingulate cortex, where it passed caudally 
through the cingulum bundles to once again enter the 
entorhinal and presubicular zones of the hippocampal 
gyrus. 

This scheme of reentrant connections, and others 
which propose an essentially opposite series of intrahip- 
pocampal pathways, have been reviewed in detail else- 
where (3). It is not proposed to labor the intricacies of 
such schemes here, but it may be suggested that those 
based on the Papez model take little account of major 
influences exerted by hippocampal cortical structures at 
rostral midbrain levels, either independently of, or in 
addition to, any influence which these cortical areas may 
exert directly at the anterior diencephalic level in the 
perifornical zones and mammillary regions. Much ana- 
tomical, physiological and behavioral evidence has ac- 
cumulated on the interrelationships of both amygdaloid 
and hippocampal parts of the limbic system with the 
reticular zones of the rostral midbrain (2, 5, 9-13, 21, 
22, 24) in studies ranging from the marsupial to the 
primate. 

Our studies have indicated that, in the marsupial and 
primate, these influences from the hippocampal gyrus 
are exerted in an essentially direct fashion through de- 
scending pathways running caudally from this cortex. 
Other investigators have proposed caudal extensions of 
the fornix system, either directly, or through the inter- 
position of the septum, as the main pathway in the rat 
(27, 42). Certainly, the possibility of major species dif- 
ferences in the manner of interconnection between 
hippocampal and subcortical structures requires further 
investigation. The chronic stimulation studies of 


Hunsperger (33) have suggested that, in their participa- 
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Corticifugal influences (B), and particularly those from basa 
temporal areas, can modify conduction in ascending reticular sys- 
tems. From W. R. Adey, Australas. Ann. Med., 5: 153, 1956. 


tion in evoked affective responses, the perifornical zones 
of the anterior diencephalon and the rostral midbrain 
tegmentum are separate and partially autonomous enti- 
ties, and cannot be construed as a continuum. This would 
support the point of view that hippocampal system may 
be set astride the brainstem and diencephalon at these 
two levels, rather than exercising its influences solely in 
the anterior diencephalon (g). 

In a broader frame, brief reference may be made to 
participation of the hippocampal cortical system in the 
general scheme of ascending and descending reticular 
connections (fig. 1). Although the ascending reticular 
system (41) sends its influences widely over the cortical 
mantle from head-stations in the midline and reticular 
thalamic nuclei, its connections with the hippocampal 
cortex appear relatively indirect. The septum may be a 
way-station on ascending reticular pathways to the 
hippocampus. Evidence for this has been reviewed else- 
where (3), and it may be noted that such a scheme of 
hippocampal influxes was clearly proposed by Elliot 
Smith (19) and later by Herrick (28). These hippo- 
campal influxes from the septum may reach the hippo- 
campal pyramidal cell layer after relaying in the dentate 
granule cells. Evidence from septal stimulation supports 
the view that such a caudally directed scheme of path- 
ways from anterior diencephalic areas can activate not 
only the hippocampus, but also the subjacent cortex of 
the hippocampal gyrus (entorhinal area). This cortex, 
in turn, projects to midbrain reticular areas and is capa- 
ble of profoundly modifying ascending reticular conduc- 
tion (11) to a greater degree than corticifugal influences 
from other parts of the cerebral mantle (fig. 1). Many 
widespread connections with caudal diencephalic and 
rostral midbrain areas have been disclosed anatomically 
after temporal lobectomy (16). Their place in the scheme 
of physiological interrelations is at present uncertain. 


THE ROLE OF TEMPORAL LOBE STRUCTURES 
IN THE LEARNING PROCESS 


It is some 20 years since Kliiver and Bucy (35) de 
scribed in dramatic detail the behavior changes following 
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NAIVE ANIMAL - FIRST TRIAL 

















RUN2 - VENTRAL HIPPOCAMPAL SYNCHRONIZATION WITH ENTORHINAL RECORD 
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FIG. 2. Modifications in hippocampal records in the course of (LVH, RVH) and entorhinal records (ENT) are synchronized, but 
initial approaches in T-maze box. Initially, ventral hippocampal by run 20 (lower record) only the entorhinal lead shows sustained 


rhythmic discharge during approach. From Adey et al. (8). 
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FIG. 3. Typical 6 cps burst in entorhinal lead (ENT) during open at (2) and cat starts correct approach to left side of 
approach to food in T-maze box. Numbers on EEG record cor- T-box, completed in frame (4). Other abbreviations: AMYG., 
relate with photo frames below. At (7) start-box doors are closed, amygdala; D.H., dorsal hippocampus; V.H., ventral hip- 


pocampus; SEPT., septum. From Adey et al. (8). 


bilateral temporal lobectomy in the monkey, which they similar and gravely incapacitating interference with re- 
succinctly characterized in the term “‘ psychic blindness.” | cent memory and the learning process has been described 
As an invariant concomitant of this condition, there is a in man following interference with the anterior deep 
loss of recent memory, and in the years that have fol- —_ temporal regions (45). 

lowed the description of this Kliiver-Bucy syndrome, a It is obvious that testing of the role of the hippocampal 
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FIG. 4. Similar record to fig. 3, with 3 episodes of 6 cps activity, 
first during approach to wrong side (frames 2-5), then as it turns 


system in such a behavioral context is only possible in 
the alert, responding, and preferably, freely moving ani- 
mal. Using chronically implanted electrodes, we have 
sought correlations between hippocampal electrical ac- 
tivity and certain learned performances (4, 8, 31, 32). 

Correlates of hippocampal electrical activity in T-maze learn- 
ing. Green and Arduini (25) observed regular trains of 
slow-waves in the electrical activity of the rabbit’s hippo- 
campus during states of alerting and emotional arousal. 
They noted that the onset of these wave-trains with a 
sudden stimulus coincided with the disappearance of the 
rhythmic waves in the neo-cortical records of the con- 
scious resting animal. 


back towards start box (frames 6-9), and finally corrects its ap- 
proach to right side (frames 12-14). From Adey et al. (8). 


With electrodes implanted in pyramidal cell and 
dentate granule cell layers of both dorsal and ventral 
parts of the cat’s hippocampus, as well as in the adjacent 
entorhinal zone of the hippocampal gyrus, and in the 
amygdaloid complex (fig. 5), we have examined the 
distribution of slow-wave activity in the course of 
T-maze training (8). Over 40 animals have been trained 
to approach a food reward in a T-box, on the basis of a 
visual cue. Ten seconds were allowed for the approach, 
and the animal was rewarded only if the initial approach 
was directly to the correct side of the box. 

Particular attention has been directed to the changes 
in hippocampal activity occurring in the early phases of 
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(1) UNTRAINED ANIMAL 


AFFERENT PATHS 
FROM SEPTAL AREAS 
(ELLIOT SMITH, 
HERRICK) 


DENT. GR. 


HIPP, PYR.— 
_—- 


FIG. 5. A. Placement of implanted electrodes in regions CA:, 
CA; and CA, of dorsal hippocampus and in similar zones of ventral 
hippocampus. B. Suggested schemes of physiologically active path- 
ways in early and late training, on the basis of computed phase 


training. In the naive animal, on first placement in the 
test box (fig. 2), rhythmic trains of slow-waves were 
found in the period before any reward was presented. 
At this time, these rhythmic trains were synchronized in 
widely separated zones of the dorsal and ventral hippo- 
campus, and covered almost an octave of frequencies 
between 4 and 7 cycles/second. 

Major changes took place in both distribution and 
frequencies of the slow-waves in the course of the first 10 
to 20 presentations of the approach situation. Rhythmic 
activity rapidly declined in ventral hippocampal areas 
during successive approaches, and did not reappear in 
these areas in the course of subsequent training to a high 
level of performance (fig. 2). By contrast, a regular slow- 
wave discharge persisted in dorsal hippocampal areas 
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relations. Abbreviations: AMYG, amygdala; DENT. GR., dentate 
granule cells; ENT., entorhinal area; HIPP. PYR., hippocampal 
pyramidal cell layer; F., fornix; SUB., subiculum. From Adey 
et al. (8). 


and in the entorhinal cortex (fig. 2). This rhythmic dis- 
charge occurred throughout training, and showed no 
adaptation even at high performance levels. Auto- 
correlation computing of the frequencies involved (see 
below) has indicated that this discharge during the ap- 
proach performance is in a narrow frequency spectrum 
between 5.5 and 6.5 cycles/second. 

Detailed examination of this 6 cycles/second activity 
in the entorhinal area (ENT, fig. 3) has shown that the 
burst begins with a latency of 300-500 msec after the 
presentation of the situation, and lasts through the period 
of the approach performance. In a further example 
(fig. 4), it will be seen that there are three clear bursts of 
this slow-wave activity, the first associated with an 
approach to the wrong side, the second as the animal 
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turns back and moves towards the starting end of the 
box, and the third with a final approach to the correct 
side. 

On the basis of these findings, which were extremely 
consistent in the many animals trained, and the data to 
be presented from studies of delayed response perform- 
ance, it is suggested that this rhythmic 6 cycles/second 
burst is associated with a goal-directed performance. In 
recent careful studies, Grastyan et al. (23) have corre- 
Jated certain aspects of hippocampal slow-wave activity 
with the Pavlovian orienting reflex. This reflex, as de- 
fined by Konorski (36), involves turning of the head and 
trunk towards the stimulus rather than locomotion 
towards a goal. Our records (fig. 4) show no evidence of 
this 6 cycles/second activity at times when the animal’s 
head and trunk were undergoing turning from side to 
side in a fashion strongly reminiscent of classical Pav- 
lovian orientation, although such activity was present 
during locomotion towards a goal immediately preceding 
and following periods of orientation. 

Hippocampal slow-wave activity in delayed response training 
and extinction. In this situation, the animal saw food 
placed under one of two cans 7 seconds before a bridge 
was lowered, which then permitted the cat to approach 
either can (31, 32). Records from the hippocampus and 
entorhinal area in animals at a high level of training 
showed varying amounts of slow-wave activity during 
the delay period, mainly in the spectrum 3.5~4.5 cycles/ 
second, and distinctly slower than the burst of waves at 
5.0-6.0 cycles/second associated with either correct or 
incorrect approach. 
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Fic. 6. Two examples of computed cross-correlation functions 

between the entorhinal area and two different regions of the dorsal 

hippocampus (cat 7, trial 4, runs 14 and 17). In each case, the 

dorsal hippocampal zone leads the entorhinal area by 20-35 msec. 
From Adey et al. (8). 
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During extinction of the response, no burst of slow- 
waves followed the lowering of the bridge in the habitu- 
ated animal, although activity at 4-5 cycles/second stil] 
occurred in the delay period. Characteristic 6 cycles, 
second bursts rapidly reappeared during the approach 
performance on retraining. Similar extinction studies in 
cats in the T-maze box have also indicated a replace- 
ment of the 5-6 cycles/second activity characteristic of 
the ison performance by slower 4 cycles/second 
waves. 


COMPUTING OF AUTO- AND CROSS-CORRELATION FUNCTIONS 
OF WAVE BURSTS IN EARLY AND LATE TRAINING 


Data reduction techniques, which, in many instances, 
have already had wide application in the analysis of 
complex wave processes in the physical sciences, have 
been used in recent years to provide some objective 
measure of aspects of inherent rhythmicity, and to look 
for possible hidden rhythms not revealed by inspection 
of EEG records. 

In our studies described above, auto- and cross-corre- 
lation functions have been computed along the lines of 
Brazier and Barlow (14). In the absence of more so- 
phisticated recording equipment, many of our paper- 
written records have been digitized by hand on punch- 
cards, and the correlation functions computed on an 
IBM 709 digital computer (8). 

Auto-correlations of records from both dorsal hippo- 
campal and entorhinal regions showed a strong tendency 
towards a sinusoidal waveform during the approach 
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FIG. 7. Cross-correlations of records from same leads as in fig. 6 
in late training (cat 7, trial 20, run 4). Entorhinal area now leads 
hippocampal zones by 20-65 msec. From Adey et al. (8). 
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Fic. 8. Effects of a psychotomimetic cyclohexamine derivative, 
Cl-395, on cat’s performance in T-maze box. Failure of per- 
formance was correlated with decline in 6 cps burst during ap- 


performance. By contrast with this strongly rhythmic 6 
cycles/second burst activity during the approach, auto- 
correlations of the ‘ background” or resting activity be- 
tween each approach have shown a strong periodicity at 
3-4 cycles/second. 

Cross-correlation of one channel with another has 
allowed an assessment of the constancy of phase angles 
between bursts from different parts of the hippocampal 
arch at various stages of training. In early training (fig. 
6) cross-correlations have consistently shown that dorsal 
hippocampal records from both hippocampal pyramidal 
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proach. Lead abbreviations: AM., amygdala; D.H., dorsal hippo- 
campus; EN, entorhinal area; V.H., ventral hippocampus. From 
Adey and Dunlop (7). 


cell and dentate granule cell zones (regions CAz and 
CA, of Lorente de N6 (38), respectively) lead the en- 
torhinal record by 20-35 msec. In striking contrast, 
these phase relationships in late training in the same 
animal were entirely reversed (fig. 7), with the entorhinal 
area leading the dorsal hippocampal bursts by as much 
as 65 msec. Further application of these computing 
techniques now in progress has indicated certain con- 
sistent differences in phase relationships in reeords from 
an animal at a high performance level between correct 
and incorrect decisions. 
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FIG. 9. Seizure activity induced by Cl-400, particularly in 
entorhinal (FV) and ventral hippocampal leads (VH), and 
exacerbated by sudden stimuli (B and C). Normal rhythmicity 
had not returned 8 hours after drug instrumentation. From Adey 
and Dunlop (7). 


These computed phase patterns may, with certain 
reservations, be extrapolated to the morphological 
systems shown in figure 5B. In early training, the com- 
puted results are consistent with a series of pathways 
from the vicinity of the dentate granule cells in CA, to 
the hippocampal pyramidal cells in CA», and thence to 
the entorhinal area. Such a scheme of hippocampal in- 
fluxes bears a strong resemblance to that proposed by 
Elliot Smith (19) and Herrick (28), with septal and an- 
terior thalamic areas providing the main afferent hippo- 
campal activity and with further relays to the entorhinal 
area as suggested by Lorente de N6 (38). 

The trained animal shows, by contrast, a pattern of 
phase relations consistent with activation of the temporo- 
ammonic tracts arising in the entorhinal area, as pro- 
posed by Cajal (17). The terminal ramifications of these 
tracts are found in relation with the dendritic trees of 
the hippocampal pyramidal cells, and the short axons 
of the dentate granule cells similarly terminate in these 
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dendritic arborizations. In the trained animal, activity 
adjacent to the dentate granule cells lags behind that in 
the hippocampal pyramids by about 50 msec, and by 
50-70 msec on activity in the entorhinal area. Con- 
vergence of dentate axons and temporo-ammonic tracts 
on the dendrites of the hippocampal pyramids might 
thus provide a structural basis for a phase-comparator 
mechanism in the pyramidal cell dendrites to be dis- 
cussed below. 


EFFECTS OF PSYCHOTOMIMETIC AGENTS ON LEARNED 
PERFORMANCE AND CORRELATED EEG RECORDS 


The recent introduction of certain cyclohexamine 
derivatives in clinical surgery has indicated that these 
agents have psychotomimetic qualities in addition to 
their analgesic action (39). Patients have reported a 
variety of experiences, ranging from feelings of unreality 
to sensations of dissolution and death. Disorientation is 
often profound, and may persist over several days with 
doses as small as 0.1 mg/kg. 

We have tested two of these agents, 1-(phenylcyclo- 
hexyl) piperidine monohydrochloride (Cl-395, Sernyl) 
and the other n-ethyl-1-phenylcyclohexylamine mono- 
hydrochloride (Cl-400, cyclohexamine), on the learned 
performance of cats in the T-maze box, and on the 
simultaneous EEG records from the hippocampal sys- 
tem (7). In doses between 1 and 3 mg/kg, these agents 
produced consistent electrical and behavioral changes in 
animals at a high level of performance. 

Control records prior to drug dosage (fig. 8A) in such 
an animal showed typical 4-5 cycles/second activity in 
the waiting period, and a burst at 6.5 cycles/second 
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Fic. 10. Examples of rhythmic reticular discharges (indi- 
cated by bar) concurrently with rhythmic bursts in the hip- 
pocampal system during approach in T-box. Abbreviations: 
L.R.F.. left rostral midbrain tegmentum; L. SUBTHAL., left 
subthalamus; R.D.H., right dorsal hippocampus; R. ENT., right 
entorhinal area. 
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during the approach. Five minutes after dosage with 
Cl-395 (3 mg/kg), there was a marked decline in rhyth- 
micity of the record, with no 6 cycles/second burst dur- 
ing the approach, which was to the wrong side (fig. 8B). 
Twenty minutes after drug dosage, the cat was unable to 
perform the learned task, and remained crouched in the 
start box. At this time, records from the hippocampus 
and entorhinal area showed irregular slow-waves and 
scattered spikes in the entorhinal cortex (fig. 8C). 
Twenty-four hours later, when the response level had 
recovered to 70 per cent correct, approach responses 
were associated with the typical 6 cycles/second burst, 
although the “background” hippocampal activity in the 
waiting period showed less than control levels of rhyth- 
micity, and the response latency was greatly lengthened 
(fig. 8C). 

Examination of the records in the period of total 
failure of performance (fig. g) has shown much seizure 
activity, with trains of seizure spikes in the hippocampus 
frequently initiated by sudden peripheral stimuli, such 
as a hand-clap (fig. 9B). This spiking was frequently 
maximal in the entorhinal cortex (fig. 9C). Normal 
rhythmicity had not returned after 8 hours (fig. gD) and 
there were periodic exacerbations of seizure activity for 
16-24 hours. At these times, the cat’s performance of 
the learned task fell to a low level. 
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SLOW-WAVE ACTIVITY DURING APPROACH IN 
EXTRA-HIPPOCAMPAL STRUCTURES 


The foregoing drug studies have indicated a possible 
correlation between disruption of normal patterns of 
hippocampal activity and the ability to perform a 
learned task. Penfield (44) has concluded from his sur- 
gical studies in man that “without the hippocampus and 
the hippocampal gyrus, the recording of current ex- 
perience is impossible.” 

It is here that we must face one of the most funda- 
mental problems in our notions of brain mechanisms in 
the learning process. As Penfield points out, “we must 
tread warily, for we do not know whether the ganglionic 
record of the stream of consciousness is located there, or 
whether the hippocampal structures play an essential 
part in the laying down of the record elsewhere.” The 
following data indicate at least the probability that 
aspects of a common rhythmic process are to be found 
during the approach in both hippocampal and extra- 
hippocampal structures. With my colleague D. O. Wal- 
ter, we have sought evidence of rhythmic processes 
phase-locked to the hippocampal discharges during the 
approach in subthalamic and midbrain reticular areas, 
and also in the primary visual cortex. It was found that 
such rhythmic discharges occurred frequently in the 
rostral midbrain reticular areas (fig. 10). They usually 
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coincided in onset with the rhythmic hippocampal dis- 
charge, and were most clearly phase-locked to the hippo- 
campal discharge at onset. Later cycles of the reticular 
discharge frequently lagged or led the hippocampal 
slow-waves. Similar discharges were recorded in sub- 
thalamic areas, but were less obvious than in rostral 
midbrain reticular formation. 

Finally, records from the primary visual cortex have 
indicated a similar incidence of phase-locked discharges 
(fig. 11). In early training (top record, L. OCC.), ir- 
regular slow-waves occurred during the approach, with 
only one or two cycles clearly phase-related to the en- 
torhinal discharges. In later training, at a 70-80 per 
cent performance level, these occipital slow-wave dis- 
charges regularized and were much more clearly phase- 
related to the entorhinal slow-waves over many cycles 
of the burst (lower two records). There was a strong 
tendency for slow-waves in the hippocampal system to 
persist beyond the end of the occipital cortical burst. 

These data thus suggest a physiological basis by which 
the hippocampal system may indeed exert an influence 
on both non-specific ascending systems in the midbrain 
reticular formation and also on activity in the primary 
receptor areas of the visual cortex. Future research may 
be expected to tell whether such rhythmic activity im- 
pinging on subcortical centers, and through them, on 
primary receptor areas in the cerebral cortex, may be 
essential to the process of the laying down of a memory 
trace, or to its recall at appropriate times. This is surely 
a fascinating prospect, even though it would bring us 
but one tiny step further in the long journey to an under- 
standing of the brain’s role in behavioral mechanisms. 


INTERPRETATIONS AND CONCLUSIONS 


We have skirted in this survey, without direct con- 
frontation, many of the problems of conveyance of in- 
formation in the brain. Our preoccupation here has 
been with the rhythmic wave process, without reference 
to unit activity occurring concurrently in the same tis- 
sue. Logically, two questions would arise from these 
considerations. Firstly, what is the relationship, if any, 
of the unit firing pattern to the wave process? Secondly, 
what aspects of neural integration, and specifically, of 
informational transfer, can occur between nerve cells on 
the basis of a graded, analog wave process, without a 
digital, or pulse-coded output as a necessary or inevitable 
consequence of this wave process? Neither question can 
receive a definitive answer, but both may be fruitfully 
discussed. 

Our studies have indicated that the hippocampal 
slow-wave activity is maximal in the vicinity of zone 
CA,. This region is closely adjacent to the densely 
grouped dendritic trees of the hippocampal pyramidal 
cells, thus raising the question as to whether these 
rhythmic waves may arise in the ephaptic relations of 
the interwoven dendritic trees, with the initiation of a 
propagated cellular discharge as a minor, rather than a 
causal feature of the rhythmic process. Certainly, the 
simultaneous records of unit activity in the hippocampus 


Volume 20 


(26) and the entorhinal area (2) do not suggest that the 
cellular spike discharge always occurs in a constant re- 
lationship to successive cycles of the slow-waves, or that 
cell firing, though briefly accelerated, is maximal in the 
course of the slow-wave discharge. Supporting evidence 
comes from studies of cell firing in the cortical alpha 
bursts (37), and also in the cellular behavior in hippo- 
campal (20) and cerebellar seizures (18), where rhythmic 
seizure waves have been recorded in dendritic cortical 
layers in the apparent absence of cellular firing. A disso- 
ciation of cell firing from the wave process has also been 
noted in the globus pallidus (6). 

The data presented here would suggest the possibility 
of significant integration occurring in dendritic mecha- 
nisms, and in associated presynaptic terminals, without 
propagated cellular discharges as an inherent and in- 
evitable consequence of these integrative processes. The 
subtle shifts in patterns of phase relations in the slow- 
waves described here in the course of approach training 
have suggested the possibility of integration on the basis 
of a phase-comparator mechanism which would con- 
ceivably operate at the cellular level, and involve graded 
analog processes (8). Such a concept is not proposed as 
one to replace aspects of pulse-coded informational 
transfer in the brain, since obviously transmission to dis- 
tant centers must certainly be based on such a scheme. 
It is rather that such a concept would hopefully draw 
attention to the possibility of informational integration 
and, perhaps, its storage temporarily or permanently, on 
the basis of physico-chemical changes induced by graded 
wave processes passing in specific spatio-temporal pat- 
terns across sheets of nerve cells. 

In this connection, it may be useful to draw attention 
to what may be termed learning and non-learning neural 
systems, and to certain morphological and functional 
distinctions that may be drawn between them. A char- 
acteristic feature of the cerebral ganglia or brains of 
virtually all invertebrates and vertebrates is the presence 
of a sheet-like or corticoid arrangement of nerve cells, in 
which there is ample opportunity for dendritic overlap 
and the direct influence of local, graded processes in one 
nerve cell on adjacent cells. Even the lowly earthworm, 
with no more than a few hundred cells in its cerebral 
ganglia, exhibits such a palisade arrangement (1). The 
majority of such systems so far examined have exhibited 
‘spontaneous’, wavelike electrical activity, and show a 
similarly high correlation in their capacity to exhibit 
conditioned or learned behavior. 

In striking contrast, such highly complex neural 
organs as the human spinal cord must be regarded as 
essentially non-learning systems. Even with the most 
judicious use of physiologically appropriate stimuli, at- 
tempts to condition reflex behavior in the isolated human 
cord have proved unsuccessful. Attention may be drawn 
to the absence in the cord of the structural criteria 
characterizing the cerebral systems outlined above, and 
to the absence of a concomitant wave process as a major 
aspect of its electrical activity. Extrapolations from such 
systems as the spinal cord to the physiological processes 
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of cerebral systems in learning would seem of dubious 
value. 

As a signpost to the future, and in the humble aware- 
ness of the magnitude of the problem, we might, perhaps, 
direct our examination of behavior and its mechanisms 
to those external and intrinsic factors which influence 
its patterns of manifestation and provide its motivating 
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power. As Herrick (30) has remarked, “all behavior is a 
transaction between the organism and the field within 
which it lives. Most behavior is directive, the end toward 
which it is directed being the satisfaction of the motivat- 
ing conditions. The study of motivation must include 
both the conscious factors and the unconscious processes 
which precede and accompany them.” 
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‘dw HONOR AWARDED ME BY THIS CONFERENCE is grate- 
fully acknowledged, because in the twilight of one’s day 
such expressions of regard by his colleagues are the 
highest rewards of scientific endeavor. 

It is with trepidation that I venture to open this dis- 
cussion with some comments on the nervous control of 
behavior, for it must be admitted that a neuroanato- 
mist’s contributions can at best be heuristic. He can only 
suggest favorable places and methods and tentative 
hypotheses for experimental testing. Comparison of ob- 
served structure with observed behavior may justify 
inferences that point the way toward profitable fields 
for further study. We have seen many instances of ex- 
perimental verification of such inferences and some 
notable failures. 

It has been my privilege to see the development of 
comparative neurology as an organized science almost 
from its beginning. This experience has led to the formu- 
lation of some general principles of the mechanics of 
behavior, as elaborated in my book of 1956 on The 
Evolution of Human Nature. Here I shall mention three of 
these principles, without the evidence or details of their 
operation. 

These are: First, properly controlled observation of 
introspective experience is as valid and useful a scien- 
tific method as is reflexology. Second, the distinction 
between analytic and integrative processes and mecha- 
nisms is fundamental and its recognition clarifies much 
that has been obscure. Third, the neuropil is the mother 
tissue from which the specialized central functional 
systems have been derived in vertebrate phylogeny, and 
it plays an important role in learning. 


CONSCIOUS MOTIVATION 


All behavior is motivated by something either ex- 
trinsic or intrinsic to the behaving body. The distinction 
between genetic and personally acquired factors of be- 
havior is fundamental, although often hard to recognize. 
In general, the genetic factors are more stable and are 
common (with minor variations) to all members of a 
race or species, as typified by reflexes and instincts. 

Among the intrinsic factors, it is incontestable that, 
in the human domain, conscious motivation, including 
awareness of the end desired and of the means available 
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for its satisfaction, is in some instances a significant factor 
in determining the pattern of behavior. 

If and when we ever find out just how these conscious 
factors fit into the total scheme of cerebral organization, 
we shall not have explained them away. The hoary 
mind-body problem will never by solved by ignoring 
the troublesome factors. The way conscious motivation 
actually works in human society and its relation to more 
primitive unconscious factors I have examined in an 
article entitled A Biologist Looks at the Profit Motive 
(Soctal Forces, 16: 320-327, 1938). 

More than a decade later I wrote an introduction to 
Nina Bull’s book on The Attitude Theory of Emotion (New 
York: Nervous and Mental Disease Monographs, 1951) 
in which the mechanisms involved in Mrs. Bull’s theory 
are briefly considered. In this and many other papers 
she has given experimental evidence of the way conscious 
and unconscious factors interplay in the motivation of 
emotional behavior. She applies feedback and other ac- 
ceptable principles in original ways that open inviting 
fields for further study. 

During the last 50 years we have seen revolutions in 
both physics and psychology, yet it is still true that we 
are today as ignorant of the basic principles of psycho- 
physics as primitive man was ignorant of the physical 
principles of mirage, with frequent resort to mysticism in 
both instances. We do not yet know enough about those 
operations of the brain that have as one of their proper- 
ties some awareness of what is going on to be able to 
formulate a plausible hypothesis of the mechanics of 
thinking. It does no good to postulate a mystic anima 
that lives in the body but may on occasion move out. 
Any species of dualism is a confession of defeat, and de- 
featism is not a healthy attitude in science. What we 
need is some still unknown system of mechanics (perhaps 
nonquantitative in nature) that differs as radically from 
known systems as quantum mechanics differs from New- 
tonian mechanics. 


ANALYSIS AND INTEGRATION 


It has repeatedly been emphasized that the factors of 
motivation concerned with adjustments to the external 
environment differ radically from those, like homeos- 
tasis and many others, that regulate internal operations 
of the body. The former may be characterized for short 
as ‘analytic,’ the latter as ‘integrative.’ This difference 
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is basic in all animals, although all factors previously 
mentioned are intricately interrelated in all behavior. 

The various organs of sense and the related nervous 
elements are analyzers in Pavlov’s sense, and the periph- 
eral motor nerves are similar analyzers, selecting from 
all possible patterns of response the one that is appro- 
priate for the sensory information received. This selection 
is made by the central integrating apparatus. The 
peripheral and central analytic functions are typically 
stimulus-response reactions. Their organs are stable 
patterns of nervous connections that are similar in basic 
design in all vertebrates, however much they may differ 
in detail. They have been described in many animals, 
which is fortunate because integration can operate only 
on information supplied by them. 

Our knowledge of the intimate structure and me- 
chanics of operation of the integrative apparatus is still 
pitifully incomplete, but it is adequate to show that in 
both of these respects it differs fundamentally from the 
analyzers. 

The analytic functions are rigorously regulated in ad- 
justment to the spatial and temporal relations of things 
and events, with the behaving body and the moment of 
its action as fixed points of reference. Integration, on the 
contrary, is a much more labile process. It is a total pat- 
tern of behavior as Coghill defined it, and the spatial 
and temporal factors are more relativistic in the broad 
meaning of this term. In some acts of integration space 
and time may be mutually interconvertible, as illustrated 
by the way the temporal series of auditory vibrations 
sensed by the ear is registered in a spatial series of loci 
in the cerebral cortex and again transformed into a 
still different dimension when recognized subjectively as 
pitch of the tone. Many other instances have been de- 
scribed. In the higher domains of cortical integration, 
such as the fabrication of concepts of truth and fidelity, 
there may be no spatial or temporal factors at all. This 
supports the suspicion that the mechanics of such opera- 
tions may involve some nonquantitative patterns that 
cannot be expressed numerically. 

Both the analytic and the integrative apparatus are 
progressively elaborated and complicated as we pass 
from primitive to higher vertebrates, the latter far more 
than the former. The analytic systems reach their cul- 
mination in the human cortical projection areas, the 
integrative systems in the intervening areas of memory 
and elaboration. 

In motivation genetic and acquired factors and both 
analytic and integrative processes may be involved in 
numberless different ways. In the process of learning all 
these factors may play an ancillary part, but its distinc- 
tive features are personally acquired integrative acts. 

There is no consensus about how learning is to be de- 
fined. If we say that basically it is conditioning of re- 
flexes, we know that this ability has been observed and 
measured in species as low in the scale as flatworms. It 
is probable that primordial protoplasm has some similar 
ability to change the pattern of behavior by personal ex- 
perience. This has been shown to be true even in plants. 
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From this it follows that we must sharply distinguish 
learning from intelligence and learning cannot be used 
as a measure of intelligence. Much can be learned with 
no increment of intelligent behavior, however the latter 
is defined. It is what one does with his learning that 
counts. I have known some very learned men who were 
surprisingly unintelligent. 


MECHANISMS OF LEARNING 


When I began to study comparative neurology seventy 
years ago I devoted about ten years to mapping the 
functional components of the cranial nerves of fishes. 
When I tried to extend this analysis into the higher 
levels of the brain I found the tissue so complicated 
that accurate tracing of the functional systems was im- 
possible with methods then available. I then examined 
the brains of salamanders and their still more primitive 
allies, hoping to find that here the central connections of 
the basic reflex systems were so simplified as to be more 
easily followed. 

This hope was soon shattered. To my surprise I found 
the peripheral sensory nerves, with their clearly segre- 
gated systems of functional components, upon entering 
the brain branched widely with innumerable terminal 
ramifications in an intricate tangle of thin unmyelinated 
fibers from various sources. In this neuropil the fibers of 
several different modalities of sense are entangled. From 
it fibers pass to the motor nuclei from which arise the 
peripheral fibers that again are clearly segregated ac- 
cording to their functions. The sensory pathways from 
this neuropil to higher centers do not transmit impulses 
of any specific modality, but those which result from the 
interplay of activities within the neuropil, where every 
contact is a potential synapse. 

The difference between this primitive structure and 
that of the higher vertebrates, with their well defined 
primary nuclei and secondary tracts for the several 
modalities of sense, is explained by the fact that most 
activities of salamanders are mass movements that do 
not require the refined analysis of sensory and motor 
systems of the higher vertebrates. 

This closely meshed neuropil is spread everywhere 
throughout the brain of the salamander in both the white 
and the gray substance. It evidently is the mother tissue 
from which the refinements of both analytic and integra- 
tive apparatus have been differentiated in the course of 
phylogeny, with more precise and stable localization of 
function in the first and preservation of more labile 
properties in the second. 

We do not know how the sensory analyzers are able to 
inform the moior nervous apparatus what pattern of 
response is appropriate. There is increasing evidence 
(notably that given by Paul Weiss and R. W. Sperry) 
of a chemical specificity of the several functional sys- 
tems of nerve fibers. Some of these are innate and some 
are acquired in later life. How this works out in the 
learning process may be illustrated by a brief reference 
to Hebb’s conception of assemblies of functionally inte- 
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grated nervous elements. Each assembly is so constituted 
chemically or otherwise that its excitation can trigger 
other assemblies of similar constitution that are in at- 
tunement with it. 

A first experience of any kind activates several as- 
semblies of the first and higher orders which interact 
with one another. They may be genetically so constituted 
that the response follows automatically as reflex or 
instinct. If not, there may be trial and error fumbling 
until some new experience triggers the appropriate motor 
assembly. This satisfactory outcome is in some unknown 
way imprinted on the structure so that upon repetition 
of this experience the appropriate response is facilitated. 
This is memory, and successive repetitions establish a 
habit. Something has been learned. 

As specialization increases in the higher animals, the 
assemblies become more specific and diversified, but 
their elements may not be condensed in a single locus. 
Most such assemblies probably include neurons in widely 
separated parts of the brain. Mammalian learning must 
include a hierarchy of assemblies with very complicated 
interconnections. 

The human brain is so organized that the highest 
assemblies may interact among themselves without 
participation of those of lower orders. A problem that 
lorg study has failed to solve may establish tensions that 
are resolved by subconscious interplay of these higher 
assemblies, resulting in a flash of “‘insight.”” One may 
go to sleep at night vexed by failure and in the morning 
waken with the solution of the problem brilliantly clear. 
Our ability to use language and other types of symbols 
both rationally and unconsciously, thus economizins 
muscular work by expenditure of a smaller amount of 
cortical work, is largely responsible for all cultural 
progress. 

The integrative functions are, of course, localized 
while in process, but this localization is not determined 
by the fixed innate structural pattern of the tissue. It 
fluctuates from moment to moment, and similar func- 
tions may be performed at some other time and place 
wherever the requisite kind of tissue is available. 

Failure to recognize the radical difference between 
analytic and integrative functions is responsible for the 
prevailing confusion about the principles of cortical 
localization of function. The projection areas, including 
many only recently discovered, are fairly stable repre- 
sentatives of the highest levels of analysis. The rest of 
the cortex has ill-defined areas that are obviously prefer- 
ential for different kinds of elaboration. But an acquired 
function, such as some specific instance of learning, is 
not necessarily performed in the preferential area, as 
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clearly shown by our clinical and neuropathological 
knowledge of the aphasias. 

All parts of the mammalian brain except the masses 
of myelinated fibers that form the white matter are 
permeated by an undifferentiated neuropil that ties the 
assemblies together. Which system of assemblies is 
activated in any situation is determined in part by the 
internal excitatory state—such influences as fatigue, the 
chemical composition of the body fluids, and many 
others. 

From this it follows that no human experience is ever 
exactly repeated. If any assembly is temporarily or 
permanently incapacitated, some similar assembly may 
be triggered to give an appropriate response. This again 
involves learning. 

This kind of learning by substitution of an impaired 
system of assemblies by some other system that activates 
a different but serviceable motor response is minimal in 
subhuman vertebrates, as Sperry has shown; but the 
human brain is so organized that this is possible, as 
proved by the spectacular achievements of current 
programs for rehabilitation of the handicapped. 





“The democratic ideal has never been fully realized. The 
peoples of the earth have tragically failed to find a satisfactory 
answer to the basic problem of how to live together harmoniously 
and productively. At the present moment progress is obstructed 
by a recrudescence of nationalistic ideologies and lust for personal 
and group supremacy by methods that are essentially bestial 


rather than human. The most powerful of these methods are not 
reversions to bestiality, for they use refinements of cruelty of which 
no beast is capable... . 

‘The patterns of human social organization—the best of them 
as well as the worst of them—are deeply rooted in the biological 
origins of human nature. The primordial ‘primitive altruism’ has 
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no ethical implications whatever. Our most urgent task now is to 
preserve this biological heritage and to refine and strengthen it 
with moral sanctions. . . . 

“The fundamental issues here are not those of power politics. 
They are essentially moral. The moral issues evidently have bio- 
logical significance as such and so they can be evaluated and imple- 
mented scientifically. Under existing conditions moral values are 
survival values and we ignore them at our peril.” (C. Jupson 
Herrick. The Evolution of Human Nature. Austin, Univ. of Texas 
Press, 1956, pp. 186-187.) 


‘**.,. We have at our command all the physical and mental 
resources that are needed for further advance [toward more effi- 
cient mental techniques for widening the range of experience and 
rational interpretations of it]. . . if only we do not squander them 
in senseless and suicidal rivalry and conflict... . 

**. .. The democratic unit cannot function or long survive unless 
the individual selves first learn to govern themselves and to sacrifice 
some personal profits and preferences for the welfare of the group. 
This is altruism. Quite apart from any ethical considerations and 
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in terms of strictly biological survival value, altruistic behavior 
marks the highest level of cultural evolution. It is a key factor, and 
the only one that can relieve the tensions that now endanger all 
the cultures of the world. This is not a speculative vagary or a 
fantasy of wishful thinking. It is validated by the whole history of 
human evolution and especially clearly by current events.” 
(C. Jupson Herrick. The Evolution of Human Nature. Austin, Univ. 
of Texas Press, 1956, pp. 220-221.) 
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Introductory remarks 


FREDERICK C. ROBBINS 
Department of Pediatrics, Western Reserve University School of Medicine, and Cleveland Metropolitan General Hospital, Cleveland, Ohio 


g SYMPOSIUM to be presented this afternoon was 
designed by your officers to acquaint you with some of 
the more exciting and significant contributions of 
biochemistry to our understanding of viruses. 

Our conception of what viruses are and how they 
reproduce has altered considerably in the past 20 years. 
It is possible, today, to think about viruses in biochemical 
terms. They are no longer mysterious microorganisms, 
characterized by small size, failure to propagate in 
cell-free media, and ability to cause disease. 

Viruses are ubiquitous organisms, and have been 
shown to infect or parasitize plants, insects, animals, and 
even bacteria. 

Much of our present knowledge is the result of the 
extensive and brilliant investigations of a number of 
people on bacterial viruses. The importance of the 
bacteriophage system is reflected by the fact that three 
of the five papers in this symposium deal with these 
organisms. The plant viruses have also been extensively 
investigated, and the pioneer efforts of Stanley on the 
physicochemical properties of viruses were done with 
the tobacco mosaic virus. Recently, techniques have 
become available that allow us to obtain comparable 
information about the animal viruses, as will be illus- 
trated by the papers of Doctors Colter and Ginsberg. 

It has become increasingly evident that viruses vary 
greatly in regard to their physicochemical and biologic 
properties; however, certain generalizations can be 
stated that would seem to apply to them all. 

Mature virus particles are composed of nucleic acid, 
either ribonucleic or deoxyribonucleic acid (RNA or 
DNA), which are surrounded by, and probably com- 
plexed with, a coating of protein that also may contain 
lipid and polysaccharide. The coat would appear to 
have the function of protecting the nucleic acid when it 
is released from the cell and to assist it in gaining entry 
into new host cells. It may be a relatively simple struc- 
ture, such as in the tobacco mosaic virus, in which it is a 
series of “doughnuts,” piled up to form the characteristic 


1 A symposium held in Chicago, Ill., April 15, 1950. Sponsored 
by the American Society of Biological Chemists. 


hollow rod. On the other hand, it may be highly com- 
plex, as exemplified by certain of the bacteriophages. 
The nucleic acid of these organisms is contained within 
the head, a shell of protein that is attached to a rodlike 
tailpiece, through which the DNA is introduced into 
the cell. Within the tail are incorporated contractile 
elements, enzymes for digesting a hole into the bacterial 
cell wall, and other components. Altogether, a most 
remarkable biologic apparatus that has been evolved, in 
nature, to transport a bit of DNA from one bacterium 
to another. 

The nucleic acid of the virus particle gains access, 
through the mediation of its “‘coat,”’ into the interior of 
the cell. Here, it induces the cell to reproduce not only 
more viral nucleic acid, but the various components of 
the “coat” as well. The complete particle is assembled 
and released to infect other cells, and the cycle repeated. 
The release of virus may be associated with lysis of the 
cell or may proceed for varying periods without ap- 
parently compromising the economy of the cell. The 
latter situation would seem to obtain in infection with 
tumor viruses. The primary role of the nucleic acid in 
transmitting to the cell the information required for viral 
replication has been well established by the demonstra- 
tion that, under the proper conditions, nucleic acid 
alone, extracted from a number of plant and animal 
viruses, can produce infection resulting in the production 
of complete virus. 

The principal information incorporated into viral 
nucleic acid relates to production of more virus. How- 
ever, the nucleic acid may remain present in the cell and 
be reproduced with each cell division, but no complete 
virus is manufactured, unless induced by manipulation 
such as exposure to ultraviolet light. In bacteriophage 
infection, this phenomenon is referred to as lysogeny. Of 
great interest is the observation that, under the conditions 
of lysogeny, genetic attributes that appear to have 
nothing to do with replication of virus may be conferred 
upon the cell. An example of such a situation is that of 
the diphtheria bacilli, which produce toxin when 
lysogenized, but not otherwise. A possible analogy is 
provided by virus-induced malignancies. As a result of 
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infection with the virus, the cells acquire those genetic 
attributes that distinguish them from normal cells. Not 
only may viral infection confer upon the cell new 
properties, but the genetic material of the cell in which 
the virus was grown may become so intimately asso- 
ciated with the virus that genetic characters of the 
original host cell are introduced along with the virus 
particles into the newly infected cells (transduction). 

It should also be pointed out that, like all other 
biologic organisms, viruses mutate. These changes in 
genetic properties undoubtedly represent changes in the 
nucleic acid moiety which, in turn, influence the com- 
position of the viral “‘coat.”’ 

It is evident that viruses present the investigator with 
a form of genetic material somewhat simpler and more 
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readily available for biochemical and other studies than 
that of a whole cell. It is to be hoped that—from studies 
of the fundamental properties and behavior of viruses— 
will come information that will allow for the treatment 
and control of viral infections and, perhaps, cancer on 
rational, rather than empiric, bases. 

However, aside from these important and potentially 
practical considerations, viruses provide excellent sub- 
jects for the study of the biochemical aspects of genetics 
and protein synthesis, and for probing the biochemical 
anatomy of the cell. 

Thus, the geneticist, the virologist, and the cell 
physiologist find their investigations overlapping more 
at the fundamental level. Their common ground is, to a 
large extent, biochemistry particularly that of the 
nucleic acids. 





Genetic contro] of protein structure 
in bacteriophages 


CHRISTIAN B. ANFINSEN 
Laboratory of Cellular Physiology and Metabolism, National Heart Institute, National Institutes of Health, Bethesda, Maryland 


Rive Discussion of the genetic control of protein 
synthesis in viruses must, at the moment, necessarily be 
more concerned with posing questions than with answer- 
ing them. My own discussion of the subject, as part of 
this program, will not deal so much with viruses as 
objects of study for their own sake as it will, rather, 
with the use of viral systems as convenient tools for the 
study of the important biological question of “‘coding.” 
The question of the relationships between the genetics 
of an organism and the structure of its phenotypic 
proteins is a central one, and one to which the protein 
chemist can contribute. 

Everyone is aware of the generalized scheme sum- 
marized in Fig. 1. We see, at the top of the figure, an 
idealized portion of the DNA double helix, which we 
presume to be the major source of information that 
controls the structure and general physiology of any 
given organism. The scheme, occasionally referred to as 
the “‘central dogma,”’ proposes that information, coded 
in this structure in a linear fashion, is translated into 
protein structure by metabolic processes that are, at the 
moment, unknown but which, very likely, involve RNA. 
This scheme is essentially a rephrasing of the well 
known Beadle-Tatum hypothesis, which states that there 
exists a one-to-one relationship between individual gene 
and individual enzyme (1). Solving the genetic code, in 
terms of this drawing, means demonstrating that specific 
changes in the molecular structure of DNA are reflected 
in corresponding changes in the polypeptide chain in 
the center of the drawing. 

In its simplest form, the transference of information 
from gene to protein would involve only the translation 
of a linearly arranged base-pair message into a linear 
amino acid sequence. It is clear, however, that most 
proteins are not simple polypeptide chains, but are 
folded and cross-linked to yield three-dimensional, 
globular molecules. Furthermore, every protein molecule 
of a given variety appears to be the same, within the 
limits of experimental measurement, as every other 
molecule in the sample. To attain such uniformity, there 
must be, in the genetic “code,” either ancillary bits of 
hereditary information that determine secondary folding, 
tertiary interactions, and covalent crosslinking, or else 
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sufficient information in the amino acid sequence itself 
to predetermine the proper coiling and stabilization of 
the polypeptide chain. 

Although it is much too early to attempt to predict 
which of these alternatives is correct, experience gained 
from the study of the reoxidation of the ribonuclease 
chain (2-4), after complete reduction of the four di- 
sulfide bridges present in the native protein, suggests 
that the arrangement of charged groups and of various 
lyophobic and lyophilic side-chains may be sufficient to 
direct the subsequent formation of a standard, three- 
dimensional protein structure. The last step in the 
scheme shown in Fig. 1 may, therefore, be independent 
of special genetic surveillance. 

The term “gene” has, of course, a number of mean- 
ings, since it is a completely operational term, and its 
definition depends on the way in which it is studied. In 
the sense that it was used by Beadle and Tatum, the 
gene is defined as a genetic unit of enzymatic function 
and, on the basis of classical crossing-over techniques, 
would have a size of the order of 1,000 A. The radiation 
geneticist, on the other hand, might define the size of a 
gene as that portion of chemical material within which 
a “hit”? by a proton or electron would knock out the 
function in question—he might suggest a much smaller 
size. 

A most elegant and revealing approach to the study 
of genes by genetic methods has been of the kind made 
by Benzer (5) and others who have shown that there 
exists, within any given functional genetic unit, a very 
large number of point loci, each of which must be intact 
for proper function of the unit. Benzer has coined the 
term ‘“‘cistron’’ for such a unit, and has shown that a 
single cistron may contain hundreds of distinguishable 
subunits. 

The problem that I would like to consider deals with 
experimental work, now in progress in many labora- 
tories, aimed toward the elucidation of the chemical 
relationship between individual cistrons and the protein 
structures whose synthesis they control. We already 
know that such a relationship must exist, from the work 
that has been done on the abnormal hemoglobins, first, 
by Pauling and Itano and their colleagues (6, 7) and, 
subsequently, by Ingram (8) and by Hill and Schwartz 
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FIG. 1. Postulated steps in the transfer and _ utilization of 
genetic information during the synthesis of a protein chain. As 
discussed in the text, the last step of the process may not require 
genetic control beyond that coded into the amino acid sequence 
of the fully extended polypeptide chain. 


(g). These studies have shown that single mutations in 
the genetic material controlling the biosynthesis of 
hemoglobin cause unit changes in the amino acid 
sequence of one or the other of the hemoglobin chains. 
It is unfortunate, however, that a detailed examination 
of the problem cannot be made efficiently with the 
human hemoglobins, because of the great difficulties 
involved in attaining sufficiently finely structured 
genetic maps with human material. For this reason, 
most of the effort being expended on the decoding 
problem is being applied to bacterial and viral systems. 
Viruses and, particularly, bacteriophages are ideal test 
objects for such work, since generation times are short 
and the yields of progeny high. Thus, a very large 
number of events can be observed and scored with good 
statistical accuracy. 

Much of the work on the genetic control of protein 
structure in viruses is being done with the T-even 
bacteriophages. Fig. 2 shows an electronmicroscopic 
picture of a bacteriophage particle taken by Brenner 
and his colleagues at Cambridge University (10). The 
viral suspension was pretreated with peroxide, which 
causes minor changes in the structure of the particle. A 
number of clearly recognized structural elements are 
visible in this photograph, including the “‘head,” which 
acts as the protein envelope for the DNA of the phage 
particle; the tail fibers, which determine the host-range 
of the strain; the tail ‘core,’ through which is ejected 
the DNA strand after attachment of the virus to its host 
bacterial cell; and the tail sheath, in this case contracted 
as the result of peroxide treatment. 

Fig. 3 shows a schematic reconstruction of the 
structure of a phage particle. I have indicated, at the 
bottom of the drawing, the location of one protein 
component that does not appear, at least obviously, in 
the electronmicroscopic pictures, namely lysozyme. 
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Three of the structural components of the bacteriophage 
particle have so far been subjected to the study of 
changes induced by mutation. The first component, the 
tail fibers, has proved to be extremely recalcitrant from 
a chemical standpoint, although an elegant genetic map 
has been constructed for the host-range cistron by 
Streisinger and Franklin (11). As shown in Fig. 4, it was 
possible to make partially purified concentrates of the 
h-protein by column chromatography of urea-solubilized 
bacteriophage ghosts (12). The protein in question 
could be detected in the effluent fractions from the 
column by an immunological technique. It has also 
been possible to prepare highly purified tail fibers by 
column chromatography of phage preparations dis- 
sociated by low pH and digested with trypsin, work 
that has been carried out by the group of investigators 
at the Cavendish Laboratory in Cambridge, England 
(10). However, the protein proved to be so large—about 
100,000/subunit—and the “fingerprints” so complex 
(10, 13) that the proper study of its structure was not 
attempted. 

Brenner and his colleagues have also investigated the 
protein of a second component, the bacteriophage head, 
which makes up the bulk of the proteinaceous material 





Fic. 2. Electron microscope photograph of a bacteriophage 
particle. The phage preparation was pretreated with peroxide, 
causing the contraction of the tail sheath. From Brenner ef al. (10). 





636 


















> 


DNA inside 
Head ——~ “head” 
protein coat 





Tail sheath 
(contractile?) 


Lysozyme activity 
presumably in 4 
distal tail region 
i Tail fiber 
4 (Some coiled around 
2 tail spike and 
“ some unwound; 
bears host-range 
rf specificity?) 





j0A._ 


=. 









FIG. 3. Schematic drawing of a bacteriophage particle. From 
Anfinsen, C. B., The Molecular Basis of Evolution. New York: 


Wiley, 1959, P- 77- 


of the virus. They have been able to construct a map 
for the genetic region that controls the structure of this 
component, employing, in their genetic analyses, vari- 
ations in the sensitivity of the virus to osmotic shock. 
The Cambridge group is, unfortunately, also plagued 
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with the large size of this protein component, and may 
have technical difficulty, therefore, in relating changes 
in sequence to mutational loci. 

The third protein component of the bacteriophage 
particle that has been examined chemically and ge- 
netically is the enzyme, lysozyme, whose possible location 
in the virus particle is indicated schematically in Fig. 3. 
Before discussing this protein in more detail, let us first 
examine the generalities of the chemical approach to 
the “information-transfer’” problem. The problem of 
relating genetics to protein structure obviously consists 
in two major operations: the first consists in the selection 
of mutant forms that differ from the parent organism 
by a single genetic change, and the arrangement of a 
number of such point mutations in a linear genetic map; 
the second, in isolation of the corresponding protein 
from each of the mutants and structural comparison of 
the mutant proteins with the original “‘standard-type” 
protein molecule. Since a large number of modified 
proteins must, in theory, be compared, it is essential 
that simple, yet fairly precise, methods be employed for 
partial sequential analysis. The method of choice, at the 
moment, is the technique commonly known as “‘finger- 
printing” or, perhaps more descriptively, ‘‘peptide- 
mapping.” The highly purified protein is digested with a 
proteolytic enzyme, generally trypsin because of its high 
degree of specificity for lysyl and arginyl peptide bonds. 
Digestions are performed either on the native protein, 
if it is susceptible, or on the protein, after chemical 
oxidation or reduction of disulfide bridges. Ideally, one 
obtains, with trypsin, a number of fragments equal to 
one more than the total number of lysine-plus-arginine 
residues. The peptide mixture may be separated by 
successive two-dimensional paper chromatography and 
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Fic. 4. Chromatography of T; bacteriophage proteins on 
XE-64. Partial purification of the protein component of bac- 
teriophage T, involved in the determination of host range ((13) 
and unpublished experiments, W. D. Dreyer, A. Katz, and C. B. 
Anfinsen). From Anfinsen, C. B., The Molecular Basis of Evolution. 
New York: Wiley, 1959, p. 182. 
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FIG. 5. Isolation of phage lysozyme; XE-64 column chro- 
matogram. Partial purification of lysozyme from bacteriophage 
Te (15). Lysozyme activity (bottom curve) is present only in the last 
component emerging from the chromatographic column at ap- 
proximately fraction * 1go. 
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TABLE I. Amino Acid Analyses of Lysozyme 
From Bacteriophage T 4D 








Residues per Mole 
(ca. 15,000 mol wt.) 





Lys (18.6, 17.2) 18-19 | Gly = (10.0, 11.1) II 
His (1.0, 1.0) I Ala (19.9, 21.2) 21-22 
Arg (8.0, 8.0) 8 Cys/2 ? (o-1) 
Asp (16.5, 17.7) 18 Val = (9.1, 9.3) g-10 
Met (2.2, 2.4) 2-4 | leu (8.2, 8.1) 8 
Thr (8.0, 9.2) g-10 | Leu = (11.7, 12.7) 13 
Ser (4.9, 6.4) 6-7 | Tyr 2-3 
Glu (13.8, 14.7) 15 Phe (5.6, 6.2) 6 
Pro (3.4, 2.9) 3 Trypt I-2 
Total residues 152-161 








paper electrophoresis (13) and, with scrupulous care 
and the avoidance of contamination with salt and of 
other materials that might influence the method, one 
can obtain highly reproducible and dependable peptide 
patterns with relative ease. There is insufficient time for 
proper description of the mapping technique; I will, 
therefore, only illustrate by presenting some typical 
results that have been obtained on the phage lysozyme 
system. These studies are part of a continuing collabora- 
tion between W. J. Dreyer and G. Streisinger, with M. 
Crumpton, F. Mukai, G. Koch, and myself contributing 
to various aspects of the work. 

Koch and Dreyer (14) showed, about two years ago, 
that the lytic enzyme associated with the T-even bac- 
teriophages was a lysozyme that appears to split the 
same bonds in E. coli cell walls as the enzyme in chicken- 
egg white. The enzyme is completely absent in non- 
infected E. coli cells, but is produced in excess, over that 
required for progeny phage synthesis, on infection of the 
host cell with the virus. Phage-induced lysates of E. coli 
contain on the order of 1-2 mg of the enzyme per liter. 
With ion-exchange resins, Dreyer and Crumpton (15) 
have been able to isolate pure samples of phage lysozyme, 
and have characterized the protein by a variety of 
physical methods. The first step of the procedure is 
shown in Fig. 5. The enzyme has a molecular weight of 
approximately 14,500, as determined by the Archibald 
equilibrium-sedimentation method. Table 1 summarizes 
a set of preliminary analyses of the amino acid com- 
position of the enzyme after thorough purification on 
columns of carboxymethyl cellulose. The two values for 
each amino acid represent analytical figures obtained 
for 48-hour and 72-hour acid hydrolysates, respectively. 
The most probable value for each amino acid residue is 
given in terms of the number of residues per 15,000 
molecular weight. The enzyme has 18~19 lysine residues 
and 8 arginine residues and should, consequently, yield 
approximately 28 peptide fragments on digestion with 
trypsin. It probably contains only one residue of trypto- 
phane and either no cysteine or one residue. It would 
appear very likely that this protein consists of a single 
polypeptide chain devoid of disulfide cross-linkages with, 
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perhaps, one sulfhydryl group. It is, at any rate, a very 
fortunately constructed protein, from the standpoint of 
sequential analysis. 

Now, although lysozyme was absent from uninfected 
E. coli cells, it was still possible that the synthesis of the 
enzyme was under the control of £. coli genetics rather 
than phage genetics and that its synthesis might be 
induced by low molecular weight materials introduced 
into the host ceil during the process of invasion. To 
decide this question, lysozyme was isolated from lysates 
of E. coli cells that had been infected either with T2, T4, 
or T6 phages. Fig. 6 shows a comparison of the peptide 
patterns obtained from purified T2 and T4 lysozymes 
(15). The patterns have shown reproducible differences 
in a number of experiments. The majority of the cor- 
responding peptides, as well as those which differed, 
have been eluted from such peptide maps and analyzed 
qualitatively for amino acid composition. Table 2 shows 
the result of a few of these analyses. At the top of the 
table are listed some of the peptides that were found to 
be common to both T2 and T4 lysozymes. The lower 
part of the table shows analyses of two peptides, one of 
which is present in T4 and one in T2. Further differences 
were observed in patterns of T6 bacteriophage lysozyme, 
and it seems quite certain that the structure of the 
enzyme is, indeed, under the control of the information 
coded into the DNA of the virus particle. The main 
purpose of the preliminary studies of the bacteriophage 
lysozyme was, of course, to furnish a basis for the sub- 
sequent study of lysozyme from various mutant phages 
all derived from the same “standard”’ parent strain. 

Mutant T4 bacteriophages, producing lysozymes 
different from that of the standard strain, can be recog- 
nized by a change in the lysozyme-produced “halo” 
that surrounds treated phage plaques. Plaques produced 
on agar plates containing a suspension of £. col: strain B 
are exposed to chloroform vapors (Fig. 7), a treatment 
that renders host cells susceptible to lysis by free lyso- 
zyme (15, 16). Standard-type phage plaques become 
surrounded by pronounced haloes, and rare mutant 
plaques lack, or have very small, haloes. These haloes 
reflect the presence of lysozyme that has diffused out- 
ward from the plaques during successive rounds of 
infection and lysis. That the mutations really affect the 
lysozyme molecule itself is made likely by the fact that 
lysozyme (either crude or purified) produced by mutant 
phage is more temperature-sensitive than that produced 
by the standard virus (16, 17). 

Fig. 8 shows typical peptide maps obtained for the 
parent T4D lysozyme and for that of a heat-labile mu- 
tant, here labeled e4 (16, 17). Peptide mixtures subjected 
to the separation technique were prepared by trypsin 
digestion, for various lengths of time, of lysozymes that 
had been either heat-denatured prior to digestion or that 
had been first treated with mercaptoethanol in 10 M 
urea solution to reductively cleave any possible disulfide 
bridges in the preparations. Free sulfhydryl groups were 
then converted to the S-carboxymethyl derivative by 
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Fic. 6. Peptide maps of lysozymes from T, and Ty, bac- 
teriophages grown on E. col: B. As described in the text, these 
maps are prepared by successive chromatography and electro- 


TABLE 2. Partial Comparison of Trypsin Fragments 
of Lysozymes from Bacteriophages T2 and T4 








A. Partial List of Peptides Common to Both T2 and T4 

(Asp, Glue, Ala) Lys 

Leu(or Ileu) . Lys 

Ala . Lys 
(Leu for Ileu], Gly, Ala) Arg 
(Leu [or Ileu], Tyr) Lys 
(Alae_3, Thr, Pro, Ser, Gly, Asp, Valo, Tyr, Try, Phe, Leu) Lys 
B. Differences 
Tr4A ————————_ — (Ser, Ala, Glu(NH:) Leu) Lys 

T2A (Sere, Ala, Pro, Val, Leu) Lys 








reaction with iodoacetic acid. The conclusion, reached 
on the basis of the amino acid analyses mentioned 
above, that phage lysozyme contains no disulfide bridges 
was strengthened by the observation that the peptide 
patterns were the same whether heat-denaturation or 
reduction-alkylation was employed prior to digestion. 
The “‘fingerprints,” illustrated in Fig. 8, show only one 
reproducible difference (heavily encircled or cross- 





phoresis of trypsin digests of the reduced-alkylated or heat-de- 
natured proteins. 


hatched in the center of the pattern). The encircled 
peptide component at the bottom, right, of the pattern 
for e4 does not represent a variation from the “standard” 
pattern but, rather, furnishes an excellent example of the 
sorts of pitfall that “‘fingerprinting”’ can involve. In this 
case, the peptide, which contains methionine, has been 
lost in the digest of the T4D enzyme, presumably due to 
oxidation of the methionine sulfur. Clear-cut differences 
and similarities can only be established when they are 
obtained reproducibly and on independent digests 
prepared from different protein samples. 

As such data accumulate, it will be of very great 
interest to compare the location of changes in the amino 
acid sequence with the structure-function relationships 
of the enzyme. One expects to find, of course, that 
mutations will not be detected in those regions of the 
sequence that are critical for function or perhaps in 
those regions that have very little functional significance. 
Such mutations would either be lethal or would cause 
no obvious change in phenotype, and might, therefore, 
pass unobserved. In spite of the temporary excitement 
invoked by the detection of a covalent change in protein 
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UNHEATED T4B - 


Fic. 7. Method for the detection of bacteriophage mutants 
producing lysozymes with heat stability properties that differ from 
that of the standard strain of phage. Left: T4B bacteriophage 
grown on an agar plate containing a suspension of E. coli B. 
The clear plaques result from successive rounds of infection and 
lysis of the bacteria. Lysozyme, produced in excess during the 
formation of phage, has diffused outward from each plaque. The 
E. coli cells, which are not ordinarily susceptible to lysis by lyso- 
zyme, become so after exposure of the plate to CHCl; vapors and 
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BU HEATED 


one observes a “halo” of clearing around each plaque (15-17). 
Right: a duplicate plate which has been heated for a short time at 
43°C before exposure to CHCl;. Standard phage lysozyme is inac- 
tivated under these conditions. However a phage mutant that pro- 
duces a more heat-stable enzyme should be detected by the retention 
of halo formation after heating. (The particular mutant indicated 
by the arrow has not been studied in detail. However the example 
illustrates the technique that has been used routinely in the genetic 
studies of Streisinger and Dreyer, (16)). 
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FIG. 8. Peptide maps of trypsin digests of lysozymes from the standard strain of phage, T4D, and from a mutant, e4, producing a 


more heat-labile enzyme. 
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structure following a point mutation, it is clear that no 
conclusions of biological significance can be made 
without the further study of a series of mutant enzymes. 


ow 
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It will be of great interest to see how such data will 
support the present hypotheses derived from purely 
genetic considerations. 
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Virus-induced acquisition of metabolic function 


SEYMOUR S. COHEN! 
Department of Biochemistry, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 


Rae DETAILED chemical study of the course of bacterial- 
virus multiplication has been in progress slightly less 
than 15 years, antedating the chemical study of the 
multiplication of animal and plant viruses by about a 
decade. This pioneering role for the bacteriophage 
systems stems from their exceptionally favorable at- 
tributes in such matters as ease of cultivation and assay 
of host and virus, the establishment of the time and 
multiplicity of infection, and so forth. Of some historical 
interest is the fact that the bacterial viruses subjected to 
the most detailed chemical exploration, i.e., the T-even 
phages T2, T4, and T6, are biochemical freaks. The 
unique properties of these phages have contributed to 
their extreme virulence, which, in itself, has facilitated 
the study of these viruses. 

Initially we posed our problems in the somewhat 
trivial terms of the molecular mechanism of the extremely 
virulent activity of the T-even phages on E. coli. Many 
other laboratories have developed their problems in the 
more general terms of the molecular bases of inheritance 
for these same phages. In the past three years, the prob- 
lems of virulence in these systems have been more or less 
solved in terms of the discovery of a series of rapid 
syntheses of many enzymes and proteins controlled by 
the insertion of viral DNA into the infected bacterium. 
Thus, the problems of the virulence of these phages can 
now be posed in the terms and problems of molecular 
genetics. Our progress in this area has now catapulted 
us into the same pot of molecular biology in which almost 
everyone else is stewing. In this paper, we summarize 
the unifying studies, of the past few years, of virus- 
controlled syntheses of enzymes and some other proteins 
in infected E. colt. 


EARLY DATA ON POLYMER SYNTHESIS 
IN INFECTED CELLS 


Until 1952, it was thought that the T-even viruses 
might merely redirect the existing functional metabolic 
machinery of the bacterium to the production of virus 
by replacing a set of critical bacterial templates by viral 
templates. Thus infected cells could no longer divide nor 
could they be induced to produce #-galactosidase (1). 





The work performed in the author’s laboratory has been 
aided greatly by grants from the Commonwealth Fund, New 
York, N. Y. and the Upjohn Company, Kalamazoo, Mich. 
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Nevertheless, respiration and assimilation into polymeric 
substance appeared to continue at the same rate after 
infection as before infection (2). If one concentrated on 
the fate of assimilated phosphorus, for example, this now 
was directed almost entirely toward the production of 
viral DNA, while the net synthesis of RNA—the nucleic 
acid present in largest amount in the bacterium— 
stopped. The discovery of the new and unique pyrimi- 
dine, 5-hydroxymethyl cytosine (HMC) (3, 4), for the 
first time led to the suspicion that the virus might be 
contributing another, qualitatively new element, i.e., 
the ability to control a metabolic function which, 
perhaps, did not exist at all in the uninfected bacterium.? 
This function was one essential to viral duplication in 
providing a new base, a pyrimidine without which 
viral DNA could not be made. 

Almost from the beginning of chemical study, it had 
been appreciated that there was a mystery in protein 
synthesis in infected cells. As shown in Fig. 1, protein 
synthesis continued from the inception of infection (8); 
however, very little of the protein which was formed 
before viral DNA synthesis began, appeared in the virus 
which was eventually liberated (9, 10). Was this bac- 
terial protein which continued to be synthesized? For 
example, it is known that infection causes a leak in the 
permeability barrier of the cell, and that there is a 
subsequent repair (11). It was possible that this repair 
involved protein synthesis. 

It was demonstrated—first, by means of the specific 
analogue, 5-methyl tryptophan (12, 13), and, subse- 
quently, with chloramphenicol (14, 15), that the early 
synthesis of protein was essential to the synthesis of 
viral DNA. Indeed, once this protein was made, the 
inhibition of further protein synthesis did not block the 
production of functionally active viral DNA (13, 15). It 
could, therefore, be asked what function was fulfilled by 
this early protein, which was not itself a component of 
virus, but was nevertheless essential to the production 


2 Although it had been known that deoxyribonuclease is mark- 
edly increased in amount after infection with certain viruses, and 
that this increase is inhibited by chloramphenicol and thienyl- 
alanine (5, 6), this effect was most frequently attributed to the 
activation of pre-existing enzyme, rather than to a de novo synthesis 
of the enzyme (7, 6). This preference probably reflected, in large 
part, the intellectual climate (at the time) relative to these 
problems, although evidence for both possibilities had been 
obtained. Whether one or the other, or both, is correct has not 
yet been established. 
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of viral DNA. One obvious suggestion was that the early 
protein was involved in the formation of HMC. Having 
conceded the possibility of the expansion of the met- 
abolic machinery, it would also be suggested that other 
enzymes might be made, particularly those which 
might account for the enormous stimulation of DNA 
synthesis observed on infection. 

In Fig. 1, it can be seen that there is no net synthesis 
of RNA. The use of P® then showed an incorporation 
of this isotope into the RNA fraction which was only 2% 
that of the incorporation into DNA (8). This result has 
been confirmed many times, but, although it was ini- 
tially concluded that this amount of isotope in the RNA 
fraction reflected a contamination of the RNA, it has 
been shown rigorously that this P® is, indeed, in RNA 
(16). This newly synthesized material is a chemically 
unique type of RNA, whose base composition mimics 
that of viral DNA. In addition, this RNA has an active 
turnover, in which the ribose nucleotides are converted 
to deoxyribonucleotides of viral DNA (16). It has been 
difficult to demonstrate a function for this RNA, but it 
has now been shown that the early steps of phage 
multiplication, which exclude DNA synthesis, require 
pyrimidines and adenine, presumably for RNA (17, 18). 

It can be seen in Fig. 1, that DNA synthesis in infected 
cells stops for some minutes. DNA synthesis resumes at a 
markedly stimulated rate which, in some media (e.g., 
lactate), appears to compensate for the RNA that no 
longer accumulates (8). The new DNA, made after 
infection, is entirely viral, containing HMC and lacking 
cytosine (19, 20). 


SIGNIFICANCE OF HYDROXYMETHYL CYTOSINE 


The existence of the new base in viral DNA and the 
lack of cytosine, found normally in bacterial RNA and 
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DNA, suggested that hydroxymethylation of cytosine to 
HMC converted the former base to a form unsuitable for 
normal bacterial syntheses. As we shall see, deoxycytidine 
triphosphate (dCTP), which is essential to the synthesis of 
bacterial DNA is, indeed, converted very efficiently in 
infected cells to deoxycytidylate (ACMP), the precursor 
of the HMC deoxyribonucleotide, hydroxymethyl 
deoxycytidylate (AHMP). Virulence and parasitism in 
this system are, thus, exhibited at the molecular level by 
appropriating a normal essential nucleotide for the 
formation of a unique viral metabolite. It should be 
noted that the host DNA is degraded in infection, and 
the dCMP therein contained is freed and converted to 
viral pyrimidine (21, 22). 

In studies of the isolation of HMC derivatives from 
viral DNA, it was soon observed that nucleotides con- 
taining this base were present in a structure which 
resisted enzymatic release (23). Several workers (24-26) 
then showed that, in viral DNA, HMC was glucosylated 
at the hydroxymethy] group. It appears that the presence 
of glucose does, indeed, protect—to a considerable 
extent—phosphodiester bonds involving dHMP. Thus, 
viral DNA carries a significant molecular mechanism 
for self-protection when present in the DNase-rich 
medium of the infected cell. However this may not be 
the sole reason for the survival of viral DNA. 

In addition, we can note that, although the base 
composition of the HMC viruses—T2, T4, and T6—are 
essentially identical (4), the glucose contents of these 
viruses differ considerably (26). Thus, T6 contains 
mainly large amounts of diglucosyl derivatives of HMC 
plus nonglucosylated HMC, T4 contains only the 
monoglucosyl! HMC, while T2 contains mainly mono- 
glucosylated and nonglucosylated HMC. HMC has 
thereby been implicated in mechanisms of parasitism 
and virulence, survival, and speciation among the T- 
even viruses. 


BIOSYNTHESIS OF THYMINE AND 
HYDROXYMETHYL CYTOSINE 


In exploring the biosynthesis of viral pyrimidine, it 
was found that exogenous orotic acid and pyrimidine 
of host DNA could be converted into viral HMC and 
thymine. The —CH,OH and —CH,; of the latter bases 
were derived from the B-carbon of serine (27). The 
methyl group of thymine did not come from the methyl 
of methionine (28). A series of nutritional experiments 
with bacterial mutants and competition experiments 
with infected cells then revealed that the addition of the 
one-carbon fragments to form viral bases did not occur 
at the level of free bases or nucleoside (29). In order to 
test the syntheses at the nucleotide ievel, it was necessary 
to study these possible reactions in cell-free extracts. 

Friedkin and Kornberg (30) demonstrated the pres- 
ence of an enzyme, thymidylate synthetase, in extracts of 
normal E£. coli which produced thymidylate (dTMP) 
from deoxyuridylate (CUMP), formaldehyde (HCHO), 
and tetrahydrofolic acid (THFA) (Fig. 2). Testing for 
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FIG. 2. Utilization of formaldehyde in the enzymatic synthesis of 
thymidylate and 5-hydroxymethy! deoxycytidylate. 


similar reactions with dCMP in normal and T2-infected 
E. coli, Flaks and I showed that, with dCMP as a sub- 
strate, only extracts from infected cells were capable of 
fixing C-labeled formaldehyde in an acid stable form 
to yield dHMP, as in Fig. 2 (31, 32). 

Although thymidylate synthetase was, indeed, present 
in uninfected E. coli strain B, the amount was shown to 
be markedly increased in phage-infected bacteria (31, 
32). The mechanism of the reaction forming thymidylate 
does not appear to involve a free hydroxymethyl] deriva- 
tive, unlike the reaction which produces dHMP (go, 33). 
However, it was observed that hydroxymethyl deoxy- 
uridylate and thymidylate were generated to a small 
extent during the conversion of dCMP to dHMP (33). 
This has been shown to be due to the appearance of a 
third enzyme, dCMP deaminase, in infected cells 
(Flaks, unpublished results) which not only deaminated 
dCMP but also deaminated dHMP. The appearance of 
this enzyme in viral infection has also been described 
recently in another laboratory (34). 


PROPERTIES OF (CMP HYDROXYMETHYLASE 


Three assays have been developed for the enzyme 
based on the fixation of C'*-labeled HCHO to dCMP to 
form radioactive dHMP (35). The ion-exchange method, 
reported in 1959 by Somerville et al. (36), is the most 
simple and accurate of the three, and is the method of 
choice, at present, in following the purification and other 
properties of the enzyme. The hydroxymethylase is 
completely inactive on cytosine ribonucleotide; how- 
ever, cytosine arabinonucleotide appears to possess of 
the order of 0.6% of the substrate activity of dCMP 
(37). Using a purified enzyme preparation, the following 
Km values have been determined: 6 X 10-4 M for 
dCMP, 1.5 X 10~* M for formaldehyde, and 1 X 10 
M for THFA. 

The separation of the hydroxymethylase and the 
thymidylate synthetase may be effected easily; the first 
enzyme is far more stable (33). A much greater degree 
of purification of the hydroxymethylase was accom- 
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plished on a diethylaminoethyl (DEAE) cellulose 
column, as described by Kornberg et al. (38) and, 
recently, in somewhat greater detail by Pizer and myself 
(35). Fig. 3 presents the elution from the column of the 
protein and enzyme derived from infected cells in 40 
litters of Biogen culture containing 10° infected bacteria 
per milliliter. Phage multiplication was stopped, at 15 
min, by addition of chloramphenicol to the culture, 
which was expelled onto ice; the cells were collected by 
centrifugation. The infected cells (40-50 g, wet wt) were 
frozen and thawed, and extracted twice in the Waring 
Blendor, for 1 min, in 250 ml of 0.05 M glycylglycine 
buffer, at pH 7.2 (0.001 M with respect to the gluta- 
thione). The extract, containing about 4 g protein, was 
centrifuged (at 30,000 rpm) for 30 min and, after re- 
moval of nucleic acids by precipitation with strepto- 
mycin, the fractionation of DEAE cellulose was effected 
by using two linear gradient elutions with phosphate 
buffer. 

As can be seen in Fig. 3, a peak of enzyme activity is 
obtained at a low point in the protein elution, and the 
central tubes of this peak have a constant specific 
activity. The values presented in the graph were ob- 
tained for the purified fractions in this peak by reanalysis 
about 16 days after infection, and about g days after 
separation on the column. Specific activities of 2,200 
were obtained by the column assay for key tubes 8 days 
before the time for the assays indicated on the chart. 
Extrapolation to the earliest point in the fractionation 
suggests specific activities, for the enzyme, of the order 
of 5,000—a value slightly lower than that obtained by 
Kornberg et al. A personal communication, i.e., 6,o00— 
using our original, less reliable assay (32). 

The peak tubes were pooled, concentrated, and 
examined by analytical ultracentrifuge and _ electro- 
phoresis in 0.02 M KPO, buffer, pH 7.4, 0.1 M with 
respect to KCl. Two components of 85 % and 15 % were 
observed in both analyses. The major component had 
an So,w Of 4.4 and a mobility of —5.4 X 107° cm? 
volts“! sec"!. The minor component had an So of 25 
and a mobility of —9.3 X 107° cm? volts“ sec. Analysis 
of the specific activities in the peak of enzyme elution 
indicates that the enzyme would probably be a major 
protein component. From the S29, for this component, 
assuming a frictional ratio of 1, a molecular weight of 
49,000, and a turnover number of the order of 125 moles 
dCMP per mole of enzyme per minute have been cal- 
culated. 

With these numbers, we may estimate the number of 
enzyme molecules per cell. In the Biogen experiment, 
10! infected cells gave rise to about 1 mg of extract 
protein capable of converting 0.3 umole dCMP in 20 
min. It can be calculated that an infected cell contains 
about 8,300 molecules of hydroxymethylase in 15 min, 
or produces about g molecules of enzyme per second 
over a 15-min interval. Since the appearance of enzyme 
occurs at almost a constant rate, it can be calculated 
that—at the time DNA synthesis begins (about 7 min)— 
the hydroxymethylase content of the cells can maintain 
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a rate of dHMP synthesis sufficient to produce 120 
T2-virus particles per cell, if continued for 14 min. This 
value is close to the usual yield of a T-even phage per 
cell in a one-step growth experiment in the media used. 

Pizer and I have now asked if any active enzyme is to 
be found in uninfected cells. To test this it has been 
necessary to run assays with approximately 2 X 10! 
cpm per assay tube or 2.4 wmoles C“ H,O at 7 uc per 
micromole. Extracts of uninfected cells were prepared, 
and amounts of protein (1.6—4.7 mg) were used derived 
from 8.2 X 10% to 2.6 X 10" cells. Among the blanks 
were used the reaction mixture minus protein, and 
the reaction mixture with extract lacking added dCMP. 
In another control, the reaction mixture was run with an 
extract of infected cells. The expected activity of enzyme 
was obtained despite the unusual radioactivity of the 
HCHO used. After 20 min, 0.55 pwmoles DHMP was 
added as carrier, and this substance was purified initially 
on Dowex 50-H+ and subsequently by paper chromatog- 
raphy in isobutyrate-NH,OH. The nucleotide was hydro- 
lyzed, and the free HMC was purified by paper chroma- 
tography in butanol-NH,OH and isopropanol-HCl. The 
purification steps for carrier HMC are summarized in 
table 1. It can be seen that after the final chromatog- 
raphy, the activity present in carrier HMC in all assays 
was far less than could be expected on the hypothesis that 
the cells contained at least 1 molecule of (CMP hydroxy- 
methylase per cell. Furthermore, there was no suggestion 
of a trend in fixation as the amount of cell protein was 
increased. It may be remarked that the exclusion of 
activity for 1 molecule of enzyme in any auxotroph or 
otherwise “‘deficient” bacterium does not seem to have 
been reported previously.** 





28 Note added in proof: The following experiments have been 
performed with Dr. Pizer since the submission of the manuscript. 


BIOSYNTHESIS OF GCMP HYDROXYMETHYLASE 


Enzyme cannot be detected in uninfected cells, but is 
found in large amount in all infected cells (8,360 mole- 
cules/cell, or 0.7% of the protein extracted at 15 min, 
since each infected cell can give rise to virus containing 
HMC. Several possibilities can be visualized concerning 
the appearance of the enzymatic activity. 

1) The virus injects the enzyme. In addition to the 





Cells were grown in the presence of S* and infected in the presence 
of S*%. Fifteen minutes after infection cells were harvested and 
fractionated, as in Fig. 3, with numerous estimations of protein, 
radioactivity, and enzyme activity. The fractions containing 
enzyme possessed the highest radioactivity per milligram of pro- 
tein. However, methionine isolated from this enzyme-containing 
fraction possessed a specific radioactivity of one-third that of the 
S*5 in the medium. In addition to the possibility implied by this 
result that there is a protein or polypeptide precursor to the dCMP 
hydroxymethylase, it appears more likely that our enzyme prepa- 
ration was not pure and was contaminated with unlabeled host 
protein, since the enzyme preparation reacted strongly with an 
antiserum prepared against protein isolated from normal cells by 
the method used in isolating the hydroxymethylase. 

As a result of the observations of heterogeneity in the enzyme 
preparation, we have undertaken sedimentation studies of enzy- 
matic activity in a partition cell and diffusion measurements by a 
porous disc method. The analyses have revealed an Sz,w of 4.0 S 
and De,w of 6.1 X 1077 cm*/sec. The molecular weight of the 
enzyme has been calculated to be 64,000 + 9,000. It is obvious 
that if the specific enzyme activity can be increased by a factor of 
3, and the molecular weight is only slightly changed, the turnover 
member will approximately triple, and the total number of enzyme 
molecules per cell and the rate of enzyme synthesis will fall to 
about one-third that indicated in the text. On the other hand, the 
calculation of turnover number from an observed specific activity 
of 1,200 and a molecular weight of 64,000 leads to a turnover 
number of about one-third that used in Table 1. In either extreme 
the presence of active (CMP hydroxymethylase in uninfected cells 
appears to be excluded by the data in Table 1. 
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TABLE 1. Exclusion of Active dCMP 
Hydroxymethylase in E. coli 
Chromatography 
| ] eng og 
Assay Tube | Nucleotide Free base a Bona 
| l Cellf 
Isobutyrate-| Butanol- | toonmaganel 
NHsOH NH.OH | HCl 
mg protein* | cpm per 0.55 umole 
oC | ggoo | 8go | 22 o 
1.56 | 5050 | 440 15.4 251 
3.12 | 4gg0° | 988 |. og aF 502 
4-68 | 2800 | 992 6.4 753 
3.12 + 0dCMP | 1430 | 120 0.5 oO 








*1 mg protein = 5.6 X 10° cells. One molecule of enzyme 
(TN 125)/cell would produce 2.3 X 10~> ymoles dHMP per mg 
protein per 20 min. Formaldehyde-C" was used at 7 X 108 cpm 
per umole. 

+ See footnote 2a. 


fact that we have been unable to detect enzyme in 
disrupted virus preparations (39), it can be calculated 
that the weight of the enzyme found in infected cells 
(7 X 10716 g) approximates the entire weight of a 
T-even phage (5 — 7.5 X 107'® g). This hypothesis 
does not appear reasonable. 

2) The enzyme is present in uninfected bacteria in an 
inhibited state. We have disrupted bacteria in a variety 
of ways without revealing enzymatic activity. In addi- 
tion, we have mixed and incubated extracts of infected 
and uninfected cells without inhibiting enzymatic 
activity or producing an increase in this activity (39). 
This shows the absence of excess inhibitor in uninfected 
cells and the absence of a system in extracts of infected 
cells capable of activating the hypothetical, inhibited 
complex in uninfected cells. 

3) The enzyme is synthesized after insertion of the 
phage contents into the bacterium. The conditions 
required for the appearance of the dCMP hydroxy- 
methylase bear on this hypothesis. 

a. Infection must be effected with a T-even phage; 
enzyme is not formed during infection with other T 
phages, such as Ti or T5, or after induction of a lyso- 
genic system such as K12-d (39). Thus, infection with 
HMC phage is required for the development of the 
activity. 

b. Osmotically shocked ghosts of T-even phages, 
although capable of adsorbing to the bacteria and 
affecting bacterial metabolism, cannot induce enzyme. 
The contents of the phage head are therefore essential for 
the appearance of enzyme. These contents consist 
mainly of DNA and small amounts of a specific internal 
protein (40), a polypeptide (41), and polyamines (42). 
The polyamines may be replaced by other cations in the 
phage without affecting phage viability (43). 

c. The contents of the phage head do not contain free 
pyrimidine deoxyribonucleotides (39), which might be 
imagined to induce the biosynthesis of the hydroxy- 
methylase. 
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d. As presented in Fig. 4, ultraviolet irradiated phages 
induce the appearance of the enzyme in normal amount 
under conditions (15 hits, virus:cell=4) in which virus 
cannot multiply*® or induce the formation of DNA (39). 
This work has been extended to a study of single infection 
with irradiated phage using the column assay. It appears 
that the site, in the phage, which controls the appearance 
of enzyme has a sensitivity to ultraviolet light about 
one-twentieth that of all the sites which control virus 
multiplication. (N. Delihas, in a personal communica- 
tion). Assuming that the target for ultraviolet inactiva- 
tion is phage DNA, all the major portions of which are 
equally sensitive to radiation, one may suggest that the 
portion of DNA controlling hydroxymethylase synthesis 
is a small fraction (perhaps about 1/20) of the total 
DNA but, nevertheless, this site is quite large (about 
10,000 nucleotide pairs, or a molecular weight of about 
6 X 10°). 

It is essential, therefore, to insert a large viral poly- 
nucleotide into the bacterium. Once the DNA has 
entered the cell, enzyme appears at an almost constant 
rate for 10-15 min. We have shown that protein syn- 
thesis is essential for enzyme production (39). Thus, if 
protein synthesis is blocked by 5-methyl tryptophan, as 
in Fig. 5, or by deprivation of an amino acid requiring 
mutant, enzyme production does not occur. Enzyme 
synthesis can be begun by a later supply of the appro- 
priate amino acid to the inhibited or deprived cell. Thus, 
the prerequisite of protein synthesis prior to synthesis of 
viral DNA is indeed explained, in part, by the require- 
ment of protein synthesis for the appearance of the 
dCMP hydroxymethylase. Nevertheless, it can still be 
supposed that the protein which is synthesized is not the 
enzyme itself but, rather, a protein necessary to free the 
pre-existing inhibited enzyme or otherwise to activate 
an inactive or incomplete enzyme. Although we do not 
think that this is likely, we are currently attempting to 
disprove this by demonstrating a de novo synthesis of the 
enzyme from metabolites supplied exogenously after in- 
fection. 


BIOSYNTHESIS OF THYMIDYLATE SYNTHETASE 


Our studies with this enzyme originated, in part, as a 
result of the similarities of the early methods of assay for 
synthetase and hydroxymethylase (31). From the fix- 
ation of acid-stable C'*H,O, it was shown that 7) this 
enzyme was normally present in E. coli capable of 
synthesizing thymine; 2) the enzyme rapidly increased 
sixfold to sevenfold during infection of strain B with T2; 
3) the increase did not occur on infection with ghosts; 
and 4) the increase of enzyme required protein synthesis 
(33). 

Extending this work, Barner and I explored thymine- 
requiring mutants, which had been observed to syn- 


3 F. coli strain W will adsorb T2 and be killed by this phage, 
without giving rise to DNA and virus (23). Despite the abortive 
quality of the infection, this strain will produce dCMP hydroxy- 
methylase (Pizer and Cohen, unpublished results). 





nH 
nS 
(o>) 





SPECIFIC 

ENZYME 

ACTIVITY 
a 


LOG SURVIVORS 





SPECIFIC ENZYME ACTIVITY 


0 20 30 40 
UV IRRADIATION (SECONDS) 


. ' 0 
50 60 SMT 4 8 


thesize thymine after infection with T2 (44) and T5 
(45). Using a sensitive carrier assay, it was shown that 
although the extracts of thymine-requiring strains lacked 
the synthetase, infection with T2 or T5 resulted in the 
extensive production of the synthetase (46). It was found 
that in infections with T5, a virus which does not con- 
tain HMC, production of the synthetase occurs without 
a concomitant production of the (CMP hydroxymethy]l- 
ase. Indeed, production of the synthetase in T5-infected 
cells exceeds that in T2-infected cells. 

We have obtained two highly active inhibitors for 
this enzyme, which is crucial in the economy of most 
cells. In the absence of thymidylate synthesis and exog- 
enous thymine, a normal synthesis of DNA cannot 
occur. The unbalanced cell growth, which then ensues, 
results in the irreversible loss of the ability to multiply 
or “‘thymineless death” (44). Such a situation can be 
provoked by 5-fluorouracil deoxyriboside in many cells, 
including tumors, since the nucleotide, fluorodeoxy- 
uridine-5 ‘-phosphate, is a potent inhibitor for thymidyl- 
ate synthetase (47). Fluorouridine-5’-phosphate is 
essentially inactive. 

In the search for a fluorouracil nucleoside which is 
less readily degraded by the mammal, Dr. J. Fox of the 
Sloan-Kettering Institute has synthesized pb-arabino- 
furanosyl 5-fluorouracil, and we have prepared the 
5,’-phosphate of this nucleoside by an enzymatic method. 
This new nucleotide (F-aUMP) is also an inhibitor of 
thymidylate synthetase, although one-hundredth as 
potent as F-dUMP. In the study of compounds which 
can provoke thymineless death by this mechanism, T2 
or T5 virus-infected bacteria are easily the best source of 
the thymidylate synthetase. 

The production of thymidylate synthetase can be 
controlled by three chemically different DNA’s. These 
are the cytosine-containing DNA of strain B, the HMC- 
containing DNA of T-even phages used to infect strain 
B;-, and the cytosine-containing DNA of T5.4 It was, 


4 Of course, we cannot yet state that there are chemical differ- 
ences between the fractions of E. coli DNA and T5 DNA which 
control the production of this enzyme, but the over-all composi- 
tions of the total DNA’s of these forms are quite different (4). 
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Fic. 4. Effect of ultraviolet ir- 
radiation of virus on hydroxy- 
methylase formation. Cells were 
multiply infected with virus ir- 
radiated to varying levels of sur- 
vival. The enzyme contents of such 
infected cells were determined. 

FIG. 5. Effect of 5-methyl tryp- 
tophan on formation of hydroxy- 
methylase. 5 MT = 5 methyl 
tryptophan. Try = tryptophan. 
Cells were infected in the presence 
of 5 MT and tryptophan was added 
in two systems at different times 
and omitted in a third system. 
The development of the hydroxy- 
methylase was determined. 
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therefore, of interest to see if the three forms of the 
enzyme were different, and the two inhibitors, F- 
dUMP and F-aUMP, were used to compare the sensi- 
tivities of the active sites of the enzyme in extracts of 
strain B and of virus-infected By~. Miss H. D. Barner 
has recently improved the assay greatly for these experi- 
ments. As can be seen in Fig. 6, the active sites of the 
bacterial enzyme and two viral-induced types of thy- 
midylate synthetase are indistinguishable by this test. 
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ric. 6. Inhibition of two fluorouracil nucleotides on_ thy- 
midylate synthetases induced by chemically different DNAs. 
F-dUMP = _ Fluorodeoxyuridine-5’-phosphate. F-aUMP = 
D-arabinofuranosy] fluorouracil-5’-phosphate. 
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OTHER VIRUS-INDUCED ENZYME 
AND PROTEIN SYNTHESES 


In Fig. 7 is presented a summary of new and stim- 
ulated syntheses induced in infection by a T-even phage. 
After the initial description of the appearance of the 
three systems presented earlier—dCMP hydroxymethyl- 
ase, thymidylate synthetase, and (CMP deaminase—a 
number of other laboratories undertook to study a 
cellular system in which the insertion of a chemically 
unique viral DNA induced the rapid production, in all 
cells, of many unique enzymes essential to the rapid 
multiplication of the viral DNA and many other viral- 
specific proteins. Many questions could still be posed 
concerning the exclusion of cytosine, and the steps 
involving purine nucleotides, DNA polymerase, glu- 
cosylation, and so forth, in the synthesis of virus DNA. 

In testing to see whether the DNA polymerase of 
T2-infected cells was specific for HMC nucleotides, it 
was observed that infected cells elaborated a specific 
dCTPase, which removed pyrophosphate from dCTP 
to form dCMP (36, 38, 48). Thus, a compound essential 
for the formation of bacterial DNA was eliminated, 
ie., dCTP, providing the dCMP essential for the forma- 
tion of dHMP via the hydroxymethylase. The dCTPase 
is not produced in T5 infection. 

According to Koerner (in a personal communication), 
the activity of dCTPase in T2-infected cells is ten times 
as much as is necessary to generate the dCMP as a 
substrate for hydroxymethylation. It may be pointed 
out, as well, that this is also consistent with the possi- 
bility that all deoxyribose is derivable via cytosine 
nucleotides. 

Several laboratories (36, 38) have also described the 
phosphorylation of dHMP and the production of 
dHDP and dHTP. Although I have presented this as 
two new steps, in this reaction and, indeed, in the activa- 
tion of all the deoxyribonucleotides to the triphosphate 
level, it is not certain that two separate, specific enzymes 
are involved. The dCMP kinase of Azotobacter vinelandii 
forms only the diphosphate (49), and the conversion of 
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Fic. 7. New and stimulated reactions in T6. Circled numbers = 
new or stimulated units. Filled in arrows = new proteins. Hollow 
arrows = either stimulated or new enzyme. 
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dCDP to dCTP can be effected to dCTP by phosphoenol 
pyruvate and pyruvic kinase. It would be of interest to 
know whether pyruvic kinase fulfills this role in infected 
cells for other deoxynucleoside diphosphates. No (CMP 
kinase is produced in E£. coli after T2, T3, and T7 in- 
fection; however, a marked increase in activity appears 
in T5 infection (38, 50). 

Tenfold to 20-fold increased activities have also been 
observed in T2, T4, T6, and T5 infection for dGMP 
kinase and dTMP kinase, but not for dAMP kinase. 
The last appears to be present in uninfected cells in 
excess (38, 50). The increase in thymidylate kinase is 
blocked by chloramphenicol, suggesting the synthesis of 
protein (50). As in the case of the thymidylate synthetase, 
described earlier, it may be asked if the increase in these 
kinases represents more of the old enzymes or of new 
types of polypeptides having similar active sites. Bessman 
and van Bibber (51) have reported that the dGMP 
kinase formed after infection no longer has the require- 
ment for Kt that is characteristic of the kinase formed 
before infection. 

Given the dHTP and the other normal triphosphates, 
several groups of investigators (38, 48) have studied the 
polymerase present after infection and its activity in the 
synthesis of a DNA containing HMC. About a tenfold 
increment has been seen in the DNA polymerase, and 
the purified enzyme of both uninfected and infected 
cells appears to be able to handle dCTP as well as 
dHTP. In these tests heated DNA derived from T2 or 
calf’s thymus can be used interchangeably. 

Koerner et al. (48) have prepared a monoglucosyl 
dHTP, and have observed that this does not participate 
in the reaction with DNA polymerase. On the other 
hand, according to Kornberg and his collaborators (38), 
DNA containing HMC, generated from dHTP and 
DNA polymerase, can be monoglucosylated in part by 
uridine diphosphate glucose (UDPG) in the presence 
of a new enzyme formed in bacteria infected by T2. 
Extending this important observation (A. Kornberg, 
in a personal communication), this group has found that 
two separable enzymes are formed in T4-infected cells, 
one which adds on a small amount of glucose to T2 
DNA, and a second which converts T2 DNA to a form 
in which all HMC is completely monoglucosylated. 
Two separable enzymes are also present in T6-infected 
cells, one like that in T2-infected cells and a second 
that does not monoglucosylate, but adds a second 
glucose to T2 DNA and T4 DNA. 

With the apparent synthesis of 13 enzymes in the 
first minutes after infection, we are finally in a position 
to account, in outline at least, for the stimulated DNA 
synthesis first observed so many years ago (8). These 
phage-infected bacteria are evidently a source par 
excellence for the study not only of the individual 
enzymes, since they are present in extraordinarily high 
concentration, but also of the specific control and 
kinetics of protein synthesis by specific DNA. 
However, in addition there are many other problems 
which remain in this system, e.g., when are the other 
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viral proteins produced, and how are these syntheses 
related to the production of viral DNA? 

Of the viral proteins, the internal “gut” protein of 
Levine et al. (40) is unique in appearing with the en- 
zymes of DNA synthesis. With an immunochemical 
method, this specific protein is detectable 2-3 min after 
infection (52). As with the hydroxymethylase, infection 
with ultraviolet-irradiated phage induces its formation 
despite the prevention of DNA synthesis. This synthesis 
of internal protein is not blocked by proflavine, but is 
prevented by chloramphenicol. It appears to be signifi- 
cant that if this inhibitor is added at various times early 
in infection, a correlation appears to exist between 
DNA-synthesized and internal protein formed prior to 
addition of the agent. When the inhibitor was added 10 
min after infection, the rate of DNA synthesis remained 
high, until the phage equivalents of DNA approached 
that of internal protein. At this point, the rate of DNA 
synthesis fell (52). 

According to Hershey (41), the formation of the 
polypeptide, but not the polyamines, is also blocked by 
chloramphenicol. The recent studies of Kellenberger 
et al. (53), showing the late formation of a chloram- 
phenicol-sensitive principle essential to the condensation 
of elements of the DNA pool, raises the problem of the 
possible relation of this polypeptide to the condensing 
principle and its mechanism of action. 

Following the condensation of phage DNA, between 
g and 11 min after infection, it appears that centers are 
produced on which may be constructed the numerous 
structures (at least seven) of the phage head and tail. Of 
these, at least two possess enzymatic activity essential 
for the penetration of phage DNA into the bacteria. 
These are lysozyme (54) and an ATPase (55). It has not 
been reported when these enzymes are elaborated or 
whether or not the appearance of the activity and the 
phage structure take place simultaneously. 


CONCLUDING REMARKS 


The phenomena of the appearance of new enzymes, 
described above will certainly not be confined to the 
T phages. The development of a polysaccharidase in 
Klebsiella infected by a phage was described some years 
ago by Adams (56) and by Park (57). In this interesting 
case, the polysaccharidase, which hydrolyzed the bac- 
terial capsule, was found both in a soluble form in the 
lysate and associated with the phage. The enzyme, thus, 
appears to facilitate attachment of the phage to the 
bacterium. 

Several similar phenomena have been described in the 
animal-virus system. The appearance of neuraminidase 
in myxovirus-infected cells is well known, although 
inadequately explored. More recently, Rogers (58) has 
described the appearance of arginase in rabbit epithe- 
lium infected by rabbit papilloma virus. Thus, the 
acquisition or increase, or both, of metabolic function 
as a result of the addition of the viral genome to the 
infected cell will have the widest significance in ex- 
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plaining not only parasitic mechanisms, but the possible 
mode of action of tumor viruses as well. We have in- 
dicated the existence of 23 proteins whose production is 
controlled by the insertion of T-even phage DNA, 
Unquestionably a number of other enzymes will be 
found to be increased, e.g., the formation of deoxy- 
ribose, and so forth. On the other hand, other systems, 
such as respiration and amino acid activation, appear 
not to be increased, and these can be conceived as pos- 
sibly rate-determining in the system as a whole. 

Since bacterial DNA is degraded very soon after 
infection, it is reasonable to suppose that the code 
determining the amino acid sequence in each new 
protein is contained within the nucleotide sequence of 
viral DNA. Although HMC and its glucosylated deriva- 
tives can readily be conceived as equivalent to cytosine 
in this sequence, it is unlikely that all elements for this 
sequence controlling a single protein will be functionally 
identical for all amino acids; it is also quite reasonable 
to imagine that bacterial and virus-induced proteins 
will not be entirely identical in amino acid sequence. 
Whether this is true, remains to be determined. The 
solution of this question is only the first step pointing to 
one of the fundamental questions of molecular biology, 
ie., the correlation of the nucleotide sequence in DNA 
with amino acid sequence in the protein whose structure 
is controlled by the DNA. 

The problem of the intermediate steps in the control 
of protein synthesis by viral DNA is also one of the ut- 
most importance. It can be inferred, although proof 
can scarcely be considered adequate, that the early 
RNA synthesis is functionally related to the synthesis of 
the new enzymes and other proteins. It is a general 
phenomenon, in these early protein syntheses, that they 
come to a halt at about 15 min after infection. Why do 
they stop? Is there a competition for amino acids be- 
tween enzymes and viral coat proteins, or is there a 
destruction of the specific RNA templates by conversion 
of component ribonucleotides to the deoxyribonucle- 
otides of viral DNA, or both? Is the turnover of RNA 
templates and competitive relation to protein and 
DNA a general phenomenon, which may account for 
the fact that differentiated cells elaborating specific 
proteins do not normally produce DNA and duplicate 
chromosomes? 

Although, in a technical sense, these systems are 
admirable for the exploration of these questions, it is 
now evident that the T-even phages contain too much 
DNA and too much information, that too many proteins 
are produced, and that multiplication in cells infected 
by these phages requires too many parallel events. 
This system is too complicated to permit us to relate a 
twentieth of the genome in chemical terms to one of the 
new proteins. Of course, if we could insert a defined 
portion of the genome at will, we would be in a much 
better position. However, EF. coli has never been trans- 
formed nor has the DNA of a T-even phage ever been 
reproducibly fractionated. 
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It may be suggested that the pursuit of these problems 
requires an infectable cell, transformable at high effici- 
ency, and a tiny phage, possessing a bare minimum of 
DNA necessary for the inheritable transmission of 
virulence. Is the bare minimum of DNA that in ¢ X 174, 
and how many proteins does the DNA complement of 
this phage control? If only a single polypeptide chain is 
controlled in infections by ¢ X 174, we may cease to 
worry about the requirement for transformability. 
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However, if this DNA determines the biosynthesis of 
several different polypeptides, we shall wish to fraction- 
ate the DNA and introduce the determinants separately 
(as in bacterial transformation). We are at the stage, 
therefore, at which the study of the molecular relations 
of DNA as a genetic determinant and the protein pro- 
duced as the expression of this determinant will be 
markedly facilitated by finding new and more simple 
biological systems to replace our old friend, T2. 


REFERENCES 


. Monon, J., AND E. WoLtman. Ann. inst. Pasteur 73: 937, 1947. 

. Couen, S. S., anp T. F. ANpErson. J. Exp. Med. 84: 511, 1946. 

. Wyatt, G. R., ano S. S. Conen. Nature 170: 1072, 1952. 

. Wyatt, G. R., ano S. S. Couen. Biochem. J. 55: 774, 1953- 

. ParDEE, A. B., anp I. Wrtiams. Arch. Biochem. Biophys. 40: 
222, 1952. 

. Kunkeg, R. E., ano A. B. PARDEE. Biochim. et Biophys. Acta 
19: 236, 1956. 

7. Kozxiorr, L. Cold Spring Harbor Symposia Quant. Biol. 18: 209, 


an or On 


1953- 
, na S. S. Cold Spring Harbor Symposia Quant. Biol. 12: 35, 
1947. 

g. Hersuey, A. D., A. Garen, D. K. Braser anp J. D. Hunts. 
Carnegie Institution of Washington Year Book No. 53, 1954. 
p. 210. 

10. WATANABE, I. Biochim. Biophys. Acta 25: 665, 1957. 

11. Puck, T. T., ano H. H. Lee. J. Exp. Med. 101: 151, 1955. 

12. Conen, S. S., AnD C. B. Fowter. J. Exp. Med. 85: 771, 1947. 

13. Burton, K. Biochem. J. 61: 473, 1955. 

14. Tomizawa, J., AND S. Sunakawa. J. Gen. Physiol. 39: 553, 
1956. 

15. : a A. D., AND N. E. MELECHEN. Virology 3: 207, 1957- 

16. Voixin, E., anp L. AstracHAN. The Chemical Basis of Heredity, 
edited by W. D. McExroy anp B. Grass. Baltimore, Md. : 
Johns Hopkins Press, 1957, p. 686. 

17. PARDEE, A. B., AnD L. S. Prestipce. Biochim. Biophys. Acta 
37: 544, 1959. 

18. Votkin, E., Fed. Proc. 19: 305, 1960. 

19. HersHey, A. D., J. Dixon anp M. Cuase. J. Gen. Physiol. 
36: 777, 1953- 

20. VipAVER, G., AND L. M. Koztorr. J. Biol. Chem. 225: 335, 
1957: 

21. Koztorr, L. M., K. Knowtton, F. W. Putnam anp E. A. 
Evans, Jr. J. Biol. Chem. 188: 101, 1951. 

22. Weep, L. L., ano S. S. Conen. J. Biol. Chem. 192: 693, 1951. 

23. CoHEN, S. S. Cold Spring Harbor Symposia Quant. Biol. 18: 221, 
1953- 

24. VoLKIN, E. J. Am. Chem. Soc. 76: 5892, 1954. 

25. SINSHEIMER, R., Science 120: 551, 1954. 

26. Jesartis, M. A., J. Gen. Physiol. 105: 233, 1957. 

27. Couen, S. S., anp L. L. Weep. J. Biol. Chem. 209: 789, 1954. 

28. Green, M., anv S. S. Conen. J. Biol. Chem. 225: 387, 1957. 

29. Couen, S. S., J. LicHTenstein, H. D. BARNER, AND M. GREEN. 

J. Biol. Chem. 228: 611, 1957. 


jo=) 


go. Friepxin, M. The Kinetics of Cellular Proliferation. New York 
City: Grune & Stratton, Inc., 1959. 

31. Friaxs, J. G., anp S. S. Cowen. Biochim. Biophys Acta 25: 667, 
1957: 

32. Fiaxs, J. G., anv S. S. Conen. J. Biol. Chem. 234: 1501, 1959. 

33. Fraxs, J. G., anp S. S. Conen. J. Biol. Chem. 234: 2981, 1959. 

34. Keck, K., H. R. Manier anp D. Fraser. Arch. Biochem. 
Biophys. 86: 85, 1960. 

35. Pizer, L. I., anv S. S. Conen. New York City: Academic 
Press, Inc. 

36. SoMERVILLE, R., K. Episuzaki, AND G. R. GREENBERG. 
Proc. Nat. Acad. Sci. U. S. 45: 1240, 1959. 

37. Pizer, L. I, ann S. S. Conen. J. Biol. Chem. 235: 2387, 1960. 

38. Kornperc, A., S. B. Zimmerman, S. R. KornBERG AND 
J. Josse. Proc. Nat. Acad. Sci. U. S. 45: 772, 1959. 

39. Fiaxs, J. G., J. Licurensrern anv S. S. Cowen. J. Biol. 
Chem. 234: 1507, 1959. 

40. Levine, L., J. L. Bartow anp H. Van Vunakis. Virology 6: 
702, 1958. 

41. Hersney, A. D. Virology 4: 237, 1957. 

42. Ames, B. N., D. T. Dupin anv S. M. RosENTHAL. Science 127: 
814, 1958. 

43. Ames, B. N., anp D. T. Dusin. J. Biol. Chem. 235: 769, 1960. 

44. Barner, H. D., ano S. S. Conen. J. Bact. 68: 80, 1954. 

45. Crawrorp, L. V. Virology 7: 359, 1959. 

46. Barner, H. D. anv S. S. Conen. J. Biol. Chem. 234: 2987, 
1959- 

47. Hl S. S., J. G. Fraxs, H. D. Barner, M. Logs anp 
J. Licutenstein. Proc. Nat. Acad. Sci. U. S. 44: 1004, 1958. 

48. Koerner, J. F. M. S. Smiry anp J. M. Bucnanan. J. Am. 
Chem. Soc. 81: 2594, 1959. 

49. Matey, F., anv S. Ocuoa. J. Biol. Chem. 233: 1538, 1958. 

50. BessMANn, M. J. J. Biol. Chem. 234: 2735, 1959. 

51. BessMan, M. J., AND M. J. VANBrBBER. Biochem. Biophys. 
Research Commun. 1: 101, 1959. 

52. Murakami, W. T., H. Van Vunakis ano L. Levine. Virology 
g: 624, 1959. 

53- KELLENBERGER, E., J. SECHAUD AND A. RytTer. Virology 8: 
478, 1959. 

54. Kocu, G., anp W. J. Dreyer. Virology 6: 291, 1958. 

55. Dukes, P. P., anp L. M. Kozzorr. J. Biol. Chem. 234: 534, 
1959- 

56. Apams, M. H., ann B. H. Park. Virology 2: 719, 1956. 

57. Park, B. H., Virology 2: 711, 1956. 

58. Rocers, S. Nature 183: 1815, 1959. 








Interaction of viral nucleic acids with 


mammalian cells’ 


JOHN S. COLTER AND K. A. O. ELLEM? 
The Wistar Institute of Anatomy and Biology, Philadelphia, Pennsylvania 


yg NOW CLASSICAL EXPERIMENTS of Hershey and 
Chase (1) provided the first demonstration of the unique 
importance of bacteriophage deoxyribonucleic acid in 
the reproduction and genetic continuity of these viruses. 
The corresponding central role played by the ribonucleic 
acid (RNA) of tobacco mosaic virus (TMV) was con- 
clusively and directly demonstrated some four years ago 
by Gierer and Schramm (2). They showed that RNA, 
isolated from this virus, was capable of initiating an 
infection, in tobacco leaves, leading to the formation of 
virus particles identical with those from which the 
nucleic acid was isolated. The same report included a 
description of a new technique for the isolation of 
RNA-—a technique which has come to be known simply 
as the phenol method. 

During the past three years, this method has been 
used successfully for the isolation of infectious RNA 
from what is now a fairly imposing number of mam- 
malian viruses. These viruses are listed in table 1. It 
might be noted, in passing, that they are all small and, 
for the most part, are agents with neurotropic 
potentialities. 

The infectivity of these viral RNA preparations has 
been demonstrated in mice by intracerebral and intra- 
muscular injection; in the embryonated egg, by inocula- 
tion into the allantoic cavity and onto the chorioallantoic 
membrane; and in vitro by inoculation of monolayers of 
cell types susceptible and insusceptible to the parent 
virus. 

In general, the viral RNA preparations have exhibited 
a very low degree of infectivity compared to that of the 
virus suspensions from which they have been prepared. 
Their activity has been of the order of 0.1% that of 
the corresponding virus suspensions. One, and perhaps 
the major, reason for this apparent low activity will 
be clear from the studies to be described. 

Infectious RNA is, perhaps, most readily tested in an 
in vitro system: extracellular ribonuclease can be re- 
moved by washing, the conditions under which cells 
and RNA interact can be carefully controlled, and the 


1 Supported by grants from the National Institutes of Health 
(C-4534 and 2G-142 Cl), the American Cancer Society (E-89B), 
and from the Samuel S. Fels Fund. 

2 Traveling Fellow of the New South Wales State Cancer 
Council. 
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results can readily be measured. For quantitative studies 
of the cell-RNA interaction, a suspended, single-cell 
system is preferable to a monolayer, since, under these 
conditions, the statistics of discrete distributions can 
readily be applied, and the cell population uniformly 
exposed to modifications of the environment in a pre- 
cisely quantitated fashion. 

The results of studies of the system composed of 
Mengo encephalomyelitis virus RNA and Earle’s “L” 
strain mouse fibroblast line of cultured cells comprise 
the subject of this presentation. This system is a con- 
venient one, since Mengo virus has been found to lyse 
“L” cells and to produce plaques in “L’’-cell mono- 
layers, and because these cells grow well on glass or in 
suspended cell culture (13, 14). 


THE MENGO RNA—‘‘L”’ CELL SYSTEM 


Infectious Mengo RNA. Mengo RNA was extracted 
from 10% (w/v) suspensions of infected Ehrlich ascites 
tumor cells by the phenol method. RNA was precipi- 
tated at o C from aqueous solution by the addition of 
solid NaCl to a 1-mM concentration. The precipitate was 
collected by centrifugation and redissolved in one-quarter 
the original volume of 0.14-m NaCl in 0.02-m phosphate 
buffer, pH 7.3 (0.14-m PBS). Solutions prepared in this 
manner were designated 4 X 107' RNA. Aliquots 
could be stored at —7o0 C for several months without 
any significant decrease in biological activity. 

Tissue Culture. Earle’s ““L” strain mouse fibroblasts 
were grown in suspended culture in Earle’s saline (with- 
out calcium and with ten times the usual concentration 
of phosphate), containing double the concentration of 
vitamins and anino acids recommended by Eagle, and 
10% horse serum. In what follows, this mixture will be 
referred to as 2 X Eagle’s in Earle’s medium. 

For the preparation of monolayers, cells were collected 
by centrifugation of the spinner cultures, and _resus- 
pended to a concentration of 10° cells per milliter in 
2 X Eagle’s in Earle’s medium. Aliquots of 6 ml of the 
suspension were pipetted into 60-mm petri dishes, which 
were then incubated for 2-3 hours in an atmosphere of 
5 % of CO: in air, to permit the cells to settle out, adhere 
to the glass, and form monolayers. 

Titration of Infectious RNA. The infectivity of the Mengo 
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TABLE 1. Mammalian Viruses From Which Infectious 
Ribonucleic Acid Has Been Isolated 








Virus | Reference 





Colter, Bird, and Brown (3) 
Colter, Bird, Moyer, and Brown 


Mengo encephalomyelitis 
West Nile 


4 

Colter, Bird, Moyer, and Brown 
(4) 

Alexander, Koch, Mountain, 
Sprunt, and Van Damme (5) 

Wecker and Schafer (6) 

Wecker (7) 


Poliomyelitis 


Poliomyelitis 


Eastern equine encephalitis 

Western equine encepha- 
litis 

Semliki Forest | Cheng (8) 

Encephalomyocarditis Huppert and Sanders (g) 

Foot-and-mouth disease Brown, Sellars, and Stewart (10) 

Murray Valley encephalitis | Ada and Anderson (11) 

Echo (1 and 8) Sprunt, Redman, and Alexander 
(12) 

Sprunt, Redman, and Alexander 


(12) 


Coxsackie (A-7, B-4, B-5) 





RNA preparations was measured by incubation with 
“L” cells in suspension, followed by an examination of 
the treated cells for infectious centers. The details of this 
method, which has not previously been used for the 
assay of infectious RNA, are as follows. 

Aliquots of a logarithmically growing suspended cell 
culture, containing the desired number of cells, were 
centrifuged in stoppered, 12-ml centrifuge tubes. The 
cells were washed once in Hanks’ balanced salt solution 
and recentrifuged. Following a brief temperature equili- 
bration at 37 C, the cells were suspended in a solution 
of RNA (usually 1.0 ml) in the diluent to be tested, 
and placed in a 37-C water bath. After 15 minutes’ 
incubation, during which the tubes were agitated manu- 
ally every few minutes to keep the cells uniformly sus- 
pended, the cell-RNA mixture was diluted to 10 ml with 
2 X Eagle’sin Earle’s medium. The cells in this mixture 
were then titrated for infectious centers. With the higher 
concentrations of RNA, it was necessary to dilute further 
the mixtures before titration to reduce the plaque counts 
to readable numbers—that is, less than 100/plate. 

Titration of Infectious Centers. Two 4.5-ml aliquots of 
each mixture were pipetted onto monolayers, which 
were incubated for 1 hr at 37 C, in an atmosphere of 
5, % COz to permit the test cells to sediment and adhere 
to the indicator layer. The medium was then carefully 
removed, and the monolayers were covered with 4.5 
ml of an agar overlay. The overlay consisted of 1% 
of agar in Hanks’ balanced salt solution containing 
0.1 % of yeast extract, 0.17 % of bovine plasma albumin, 
0.26% of NaHCO, 1:40,000 neutral red, double the 
usual concentration of Eagle’s nutrients, and penicillin 
as well as streptomycin. Incubation at 37 C was con- 
tinued. Plaques were counted on the second and third 
days. 

Validity of System. The pertinent characteristics of this 
method of titrating infectious centers are listed below. 

1) A linear relationship exists between the number 
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of plaques formed and the dilution of the cell suspension. 
To test this, cells were incubated with a high concentra- 
tion of RNA. Further dilutions of the treated cell- 
suspension were made, and aliquots of these dilutions 
assayed for infectious centers. Over the range 0-100 
plaques per plate, there was a strict linear relationship 
between plaque count and dilution of the cells. There 
was some departure from linearity when counts were 
higher than 100 per plate, owing to confluence of plaques. 

2) Dilution of the RNA-cell mixture with culture 
medium prevents any further cell-RNA interaction. 
When cells were suspended in RNA and simultaneously 
diluted with culture medium, no infectious centers were 
formed. Also, RNA, in the absence of cells, diluted with 
medium and pipetted onto monolayers, produced no 
plaques. That is, there was no carry-over of infectious 
RNA units to the monolayer, other than those which 
had become stabilized by interaction with cells. 

3. Incubation for 1 hour is adequate for the attach- 
ment of infected cells to the indicator monolayer. When 
fluids were carefully removed after 1 hour and placed 
on fresh monolayers, no plaques were formed. 

4. The total number of cells put on the monolayer 
does not affect the number of plaques formed from a 
standard number of infected cells. Addition of increasing 
numbers of uninfected cells, up to a maximum of 10° 
cells, produced no variation in the plaque counts greater 
than that expected on the basis of chance. 

Effect of Osmolarity of Diluent on RNA-“L” Cell Interac- 
tion. It has been reported previously by others (15, 16). 
that when solutions of poliovirus RNA, applied to 
monolayers of susceptible cells, were made 0.8 M with 
respect to NaCl, there was a marked increase in the 
number of plaques formed, as compared with the number 
formed in 0.14-M PBS. This prompted an investigation 
of the effects of hypertonicity of the medium on RNA-cell 
interaction in the suspended cell system. Representative 
data are shown in table 2. 


TABLE 2. Relationship Between Solute Concentration and 
Establishment of Infectious Centers From 
Mengo Ribonucleic Acid Preparations 








Total Number of | Molarity of Sucrose Total Number of 








Molarity of Sodium 
ear = a Infectious Centerst | in RNA Solution |Infectious Centers 

0.14 13 0.0 | 13 
0.45 51 0.4 191 
0.52 224 | 0.6 317 
0.57 254 0.7 | 381 
0.62 | 250 0.8 237 
0.67 | 270 0.9 | 107 
0.72 153 | 1.0 45 
0.77 104 | 1.2 | 29 
0.87 23 | 








* Solution also contained 0.02-m potassium phosphate buffer, 
at pH 7.3. 1 Developed by 10° washed ‘‘L”’ cells suspended in 
1.0 ml of a5 X 10~* dilution of Mengo RNA in the indicated dilu- 
ent, after 15 minutes at 37 C. t Solution also contained 
0.14-M sodium chloride and 0.02-m potassium phosphate buffer, 


at pH 7.3. 
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FIG. 1. Relationship between 
the formation of infectious centers 
in “L” cell—Mengo RNA mix- 
tures and the osmotic pressure 
of the diluent. 10° cells incu- 
bated in 2.5 X 107%? RNA for 
15 minutes at 37°C. (@) Plaques 
produced after incubation of 
cells and RNA in sucrose-o.14 
molar PBS media. (A, X) 
Plaques produced after incuba- 
tion of cells and RNA in phos- 
phate-buffered sodium chloride 
media. 

FIG. 2. Thermal inactivation 
of Mengo RNA. Residual activ- 
ity after incubation at 37°C 
was estimated by measuring 
ability to form infectious centers 
in “L” cells. O, ®@—in 0.14 molar 
sodium chloride-o.02 molar phos- 
phate buffer, pH 7.3. 0, H— 
in 0.64 molar sodium chloride- 
0.02 molar phosphate buffer, 
pH 7.3. A, A—in 0.7 molar 
sucrose in 0.14 M PBS. Closed 
symbols = in absence of ver- 
sene. Open symbols = in pres- 
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RELATIVE OSMOTIC PRESSURE OF DILUENT 


As the molarity of the NaCl was increased from physio- 
logical, in 0.02-M phosphate buffer, there was a pro- 
gressive increase in the number of infectious centers 
formed in a given volume of Mengo RNA, up to a 
maximum at 0.65-m NaCl. At molarities greater than 
0.65, the number of infectious centers formed dropped 
sharply. 

To test whether or not the hypertonic NaCl solutions 
could be producing these effects primarily by dehydrat- 
ing the cells, the effects of sucrose on the cell-RNA 
interaction were examined. Cells and RNA _ were 
incubated in solutions of sucrose in a phosphate-buffered 
physiological saline solution. The results of one such 
experiment are shown in table 2. With increasing con- 
centrations of sucrose in 0.14-M PBS, the number of 
infectious centers produced increased to a maximum at 
0.7-M sucrose. At higher sucrose concentrations, the 
number of infectious centers produced dropped very 
sharply. 

These data are presented somewhat differently in 
Fig. 1. Here the number of infectious centers produced 
in ““L” cell-RNA mixtures is plotted against the relative 
osmotic pressures’ of the diluents in which cells and 
RNA were incubated. It can be seen that, for both the 


’ Calculated from the equation 
: RTW, 
Osmotic pressure = nm¢ \ ———- 


when n equals number of moles of ions formed from 1 mole of 
electrolyte, m equals moles of solute per kilogram of solvent 
(molal concentration), and g equals the osmotic coefficient. The 
osmotic pressures of the saline and sucrose solutions were expressed 
as multiples of the osmotic pressure of 0.14-M PBS. 


1 4 —= 
60 90 120 36150 180 


ence of 107? M_ versene. 
TIME IN MINUTES 


NaCl and sucrose series, the maximal number of infec- 
tious centers is formed when the osmotic pressure of the 
medium in which cells and RNA interact is 4.0-4.1 
times that of a physiological saline solution. The total 
number of plaque-forming units established in the 
optimal sucrose medium exceeds the number formed in 
the optimal sodium chloride solution by a factor which 
has ranged, in an extensive series of experiments, from 
1.5 to 2. 

Influence of Sodium Chloride and Sucrose on Mengo Virus-“‘L” 
Cell Interaction. It was of interest to see if the intact Mengo 
virus behaved differently from its naked RNA in solutions 
of high osmolarity. The system used was the same as that 
used for the RNA, except that—after incubation of the 


TABLE 3. Influence of Sodium Chloride and Sucrose Concentration 
On Mengo Virus-‘L’’ Cell Interaction 








Diluent | PI saab te Percentage Recovery 
0.14-M PBST | 522 100.0 
0.37-M PBS | o <0.2 
0.47-M PBS | oO <0.2 
0.57-M PBS o <0.2 
0.0-m Sucrose ft | 522 100.0 
0.3-M Sucrose 114 21.8 
0.5-M Sucrose 75 14.4 
o0.7-M Sucrose 13 2.5 











* Obtained from 10° washed cells suspended in 1 ml of the 
virus preparation and exposed for 15 min at 37 C. { xM 
PBS = x molar sodium chloride in 0.02-m potassium phosphate 
buffer, at pH 7.3. t xm Sucrose = x molar sucrose in 0.14-M 
sodium chloride-o.02-m phosphate buffer, at pH 7.3. 
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FIG. 3. Relationship between the number of infectious centers 
formed and 7) concentration of RNA, 2) volume of RNA solution. 
10° cells incubated 15 minutes at 37° centigrade in (@) 1 milliliter 
of RNA solution, (X) 2 milliliters of RNA solution. Diluent = 
0.7 molar sucrose in 0.14 molar PBS. 


cells with a standard virus suspension in the various 
media—the mixtures were diluted with 2X Eagle’s in 
Earle’s medium containing sufficient anti-Mengo 
gamma globulin to inactivate unabsorbed virus. The 
results are shown in table 3. Any increase in sodium 
chloride concentration to levels higher than physiological 
level virtually abolished cell-virus interaction. Although 
the effect of sucrose was somewhat less dramatic, in- 
creasing concentrations of this solute in the medium in 
which cells and virus were incubated sharply inhibited 
the formation of infectious centers. More detailed studies 
of the Mengo virus-‘L”’ cell system have shown that 
the primary effect of these solutions of high osmolarity 
is on the initial virus-cell interaction. That is, they 
inhibit attachment of the virus to the cell. 

Thermal Inactivation of Infectious Mengo RNA. A number 
of investigators have reported on the lability of infec- 
tious viral RNA preparations. The results of a study of 
the rate of inactivation of Mengo RNA in 0.14-m PBS, 
0.64-m NaCl. and 0.7-m sucrose in PBS are illustrated in 
Fig. 2. Solutions of RNA in these three diluents were 
incubated at 37 C. At intervals, 1-ml aliquots were 
removed and tested for residual activity by their ability 
to form infectious centers in 10° cells during a 15-min 
incubation at 37 C. Early estimates of the half-life of 
RNA were 12-24 min. The addition of versene to a 
final concentration of 10~* or 10-4 M increased the 
half-life by a factor of 4-5, suggesting that heavy metal 
contaminants catalyze the decay of the active molecule. 
Important to subsequent discussions is the fact that 
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FIG. 4. Relationship between the number of infectious centers 
formed in ‘‘L”’ cell-Mengo RNA mixtures and the number of cells 
employed. Incubation was in 1.0 ml RNA for 15 minutes at 37°C. 


statistical analysis of the data makes it clear that there 
are no significant differences in the rates of thermal 
inactivation in the three diluents examined. 

Relationship Between Infectious Centers Formed and Con- 
centration of RNA. The number of infectious centers 
formed in a fixed number of “L” cells is proportional 
to the concentration of RNA over the range 5 ug to 1 mg 
per milliliter. Fig. 3 illustrates clearly the inverse pro- 
portionality between plaques formed and the dilution 
of RNA. 

Another characteristic of the system is illustrated by 
this figure. The number of infectious centers produced 
in a fixed number of cells depends only upon the con- 
centration of RNA. The number is independent of he 
volume of the RNA solution in which the cells are in- 
cubated—that is, independent of the total number of in- 
fectious units present. In Fig. 2, the number of infectious 
centers formed in 10° cells incubated in 1-ml and 2-ml 
aliquots of RNA solutions of varying concentrations is 
shown. There is no significant difference in the slopes of the 
two lines. More recently, we have noted that identical 
straight lines are obtained by using 10° cells in 0.5-ml, 
1.0-ml, and 2.0-ml aliquots of RNA solutions. 

It appears that the uptake of RNA may be a case of 
concentration-dependent diffusion across the cellular 
membrane. If this is so, then doubling the number of 
cells incubated with a fixed volume of RNA solution 
should double the number of infectious centers formed. 
This is, in fact, the case. The number of infectious centers 
formed in 1.0 ml of RNA solution is directly proportional 
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FIG. 5. Effect of temperature on the formation of infectious 
centers in “L” cells incubated with Mengo RNA. 10° cells incu- 
bated in 1.0 milliliter of RNA solution. Diluent = 0.7 molar 
sucrose in 0.14 molar PBS. @ = 37°C; X = 27°C; & = 17°C; 
@ = 7°C. 
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to the number of cells used over the range 10° to 2 X 10! 
cells. This finding is illustrated in Fig. 4. 

It follows, from these considerations, that we can 
have no absolute measure of the infectivity of an RNA 
preparation, unless we can be sure of having absorbed 
all, or at least a known amount, of the nucleic acid 
from the solution. Perhaps the only way in which the 
total number of infectious units in an RNA preparation 
could be determined would be to measure, simultane- 
ously, the number of infectious centers formed and the 
amount of RNA taken up by the cells. Preliminary 
experiments in our laboratory make it quite clear that 
the amount of RNA taken up by the cells under our 
conditions of assay is small—probably less than 1% 
of the total RNA present. An accurate estimate would 
almost certainly require the use of isotopically labeled 
RNA. 

Effect of Temperature on Formation of Infectious Centers. 
The rate at which infectious centers are established is 
markedly temperature-dependent. The production of 
infectious centers at various temperatures is illustrated 
in Fig. 5. At 37 C, a maximum is reached after incuba- 
tion for 15 min. When incubation is continued longer, 
there is a rapid decrease in the number of infectious 
centers. This decrease probably reflects a loss of viability 
of the cells. At 27 C and at 17 C, maximal production 
of infectious centers is seen at approximately 40 and 60 
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Fic. 6. Rate of formation of infectious centers in “L’’ cell- 
Mengo RNA mixture at 37°C. 2 X 10° cells were incubated in 
1.0-milliliter volumes of 0.7 molar sucrose/PBS containing 50 
ug RNA. 


base e) and the reciprocal of the absolute temperature. 


Fic. 7. Arrhenius plot relating the rate of formation of infectious 
centers in ‘‘L” cell-RNA mixture (expressed as logarithms to the 
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min, respectively. The rate at 27 C is about one-fifth 
that at 37 C. Similar large reductions in the rate occur 
at 17 Cand at 7 C. The results of a morecareful examina- 
tion of the rate of formation of infectious centers at 37 C 
are shown in Fig. 6. The formation is rapid and linear 
with time, during the first 15 min, at the end of which 
it levels off to a sharp maximum, then declining rapidly. 

The effect of temperature on these reaction rates is 
adequately described by the Arrhenius formulation for 
“irreversible” first-order reactions, 


Ky A I I 
ik tee ee? 
KR “Ree T2 


in which A, and Ky are the velocity constants at absolute 
temperatures 7, and 7», respectively, R is the gas con- 
stant; and A is a constant characteristic of the system. 
An Arrhenius plot relating the rate of infectious center- 
formation (expressed as logarithm to the base ¢) to the 
reciprocal of the absolute temperature is shown in 
Fig. 7. The data used for this plot were corrected for the 
temperature-dependent effect of viscosity on collision 
frequency. The figure is actually composed of two straight 
lines, one covering the range 5 C-25 C, and the other 
from 25 C to 40 C. The values of the critical thermal 
increment or temperature characteristic, u, calculated 
from the expression u/2=A/R (17), are approximately 
20,000 and 30,000 calories for the upper and lower 
temperature ranges, respectively. This suggests that a 
high energy of activation is involved in the sequence 
of events during which infectious RNA meets, penetrates, 
and becomes stabilized in the cell as a replicating unit. 
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DISCUSSION 

The data suggest that the mode of action of media of 
high osmolarity is on the cell, rather than on the RNA. 
Although RNA of high molecular weight is insoluble in 
1-M NaCl at o C (18), it is completely soluble in this 
solution at 37 C. The RNA is soluble in solutions of 
sucrose as concentrated as 1.2 M. Hence, under the 
conditions of the reaction of cells and RNA, insolubility 
of RNA in the suspending medium can be excluded as 
part of the mechanism of the increased efficacy of estab- 
lishing infection. Preliminary studies of the uptake of 
P-labeled RNA by “L” cells indicate that the cells 
do not absorb more RNA in the optimal sucrose or 
NaCl solutions than they do in 0.14-m PBS. Finally, 
the stability of RNA at 37 C is essentially the same in 
0.14-M PBS, 0.65-m NaCl, and 0.7-m sucrose in PBS. 

These observations strongly suggest that the hypertonic 
saline and sucrose solutions act by modifying the cell 
in some way, thereby increasing its receptivity or stabi- 
lizing capacity for the infectious RNA. Cellular ribonu- 
cleases may be inhibited by the high intracellular 
electrolytic concentration produced by dehydration. 
Crystalline ribonuclease has been shown to be inhibited 
by solutions of high ionic strength (19). Another possible 
mechanism is suggested by the demonstration, in our 
laboratory, that the infectivity of Mengo RNA is 
abolished or sharply inhibited by several ribonuclease- 
free proteins, when nucleic acid and protein are mixed 
in solutions of physiological ionic strength. At high ionic 
strengths, inhibition does not occur. It is possible that a 
hypertonic intracellular environment prevents non- 
specific immobilization of the viral RNA by cytoplasmic 
proteins. 
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en reviewed by other essayists in this 
symposium (1, 2) have demonstrated clearly that viral 
nucleic acid is essential for initiation of the synthetic 
processes responsible for formation of mature viral 
particles, and that the information brought into a 
susceptible host cell by nucleic acids may direct the 
formation of new enzymes for synthesis of viral materials. 
These events lead to production of infectious viral 
particles, but the question may be posed, ‘‘Do they also 
directly initiate the injury of infected cells?” 

One may postulate that viral infection causes major 
cell injury by two basic mechanisms. 

1. Incorporation of infectious viral material (i.e., 
nucleic acid and possibly some protein fragments) 
redirect the host cells’ metabolic processes to synthesize 
new materials for viral production, rather than for 
manufacture of important cell materials. This leads to: 
either a) injury and possible death of the infected cell 
resulting from the failure to replenish essential cell 
components; or 4) damage of the cell because of the 
development of inclusion bodies. Inclusion bodies may 
be formed from either newly synthesized viral materials 
(viral particles or viral precursors made in excess of the 
quantity required for development of infectious virus) or 
damaged host-cell substances. 

2. Large numbers of mature viral particles or toxin- 
like substances formed in viral infected cells may induce 
marked cytopathic changes in cells without concomitant 
viral multiplication. 

The actual basis for cell injury probably differs in 
various viral infections. Furthermore, cell damage may 
be instigated by a combination of the mechanisms 
suggested, rather than one or the other. The evidence 
available from several experimental infections will be 
examined to indicate the mechanism responsible for cell 





1 The investigations forming the basis of this paper were con- 
ducted under the auspices of the Commission on Acute Respiratory 
Diseases, Armed Forces Epidemiological Board, and were sup- 
ported, in part, by the Office of The Surgeon General, Department 
of the Army, and, in part, by grants from the Robert Hamilton 
Bishop, Jr., Endowment Fund and the Republic Steel Corporation. 

? Present address: Dept. of Microbiology, School of Medicine, 
University of Pennsylvania, Philadelphia, Pennsylvania. 


injury in each example. A comprehensive review of the 
literature will not be attempted, but rather pertinent 
data to illustrate concepts will be described.’ 


INCORPORATION OF INFECTIOUS MATERIALS AND 
REDIRECTION OF HOST CELLS’ SYNTHETIC PROCESSES 


It has been generally considered that injury of virus- 
infected cells occurs because the cells’ essential metabolic 
processes are redirected to synthesize viral materials. 
In effect, although this is a tempting hypothesis, there 
is little direct evidence to substantiate it. Infection 
usually results in cessation of cell division, although, in 
some instances (as with influenza and Newcastle disease 
viruses), one further mitosis may be completed after 
infection (3). Another notable exception to this generality 
occurs with cells infected with tumor-inducing viruses 
(4). However, even though infected cells in general do 
not replicate, failure of cell division, per se, does not 
necessarily result in severe injury and death of affected 
cells. 

Detailed cytologic and cytochemical sequential 
studies of poliovirus (5, 6) or adenovirus-infected (7-9) 
cells clearly demonstrate that cell damage accom- 
panies viral multiplication. With poliovirus, — early 
inclusion-body formation was followed by death and 
lysis of the infected cell (5, 6). The mechanism under- 
lying these events is unknown. With adenovirus infection, 
progressively more prominent intranuclear inclusion 
bodies developed, with time, but cell lysis did not occur 
(7-10). The basis for these pathologic changes in adeno- 
virus-infected cells now will be considered. 

Some important characteristics of adenoviruses will be 
summarized, for they are necessary to an understanding 
of the mechanism by which cell damage is incurred. 
These viruses multiply within nuclei of susceptible cells 
(8, 9, 11-13), and cells are not lysed as a result of infec- 
tion (10). Moreover, infected cells continue to carry on 
active metabolic functions even after extensive cell 


’ Investigations from our laboratory will only by summarized; 
the detailed data have either been published previously, and the 
bibliographical references are given, or the studies are in the 
process of publication elsewhere. 
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damage has occurred (10, 14). Not only do infected 
cells remain intact after viral multiplication and cell 
injury, but viral particles do not dissociate readily from 
cells in which they are synthesized (15). Present evidence, 
although not conclusive, indicates that deoxyribonucleic 
acid (DNA) is the nucleic acid constituent of adeno- 
viruses (16). 

Adenoviruses instigate a particularly striking series of 
cellular changes during the course of viral infection 
(7-9). The specific damage occurs in the nucleus, the 
site of viral synthesis. The earliest change noted is a 
rearrangement of the chromatin material. This is 
followed by enlargement of the nucleus; a gradual 
increase in quantity of basophilic material, which is, at 
first, granular in appearance; and accumulation of 
basophilic material in the central portion of the nucleus, 
the so-called central mass. Finally, with types 3, 4, and 
7, large basophilic, crystal-like structures are formed; 
the nucleus becomes larger; and the central mass be- 
comes more prominent (7—g). Careful studies by several 
investigators have demonstrated these  crystal-like 
bodies to be composed of spherical viral particles 
arranged in a crystalline lattice (11-13). It should be 
emphasized that the nucleus is relatively intact, despite 
presence of large numbers of viral particles and the 
accumulation of masses of basophilic material. Cyto- 
chemical studies demonstrated that the crystalline 
structures and the basophilic central mass contained large 
quantities of DNA (7). With the use of fluorescent- 
antibody techniques it was observed, however, that 
although the crystals were composed of specific viral 
antigens, the central basophilic mass, which contained a 
large amount of DNA, comprised a relatively small 
amount of the specific antigen (8, g). Thus, although 
DNA may accumulate, much of the nucleic acid is not 
contained in viral particles or associated with specific 
antigenic viral proteins. 

Experiments were devised to investigate the bio- 
chemical basis for the cellular alterations described. 
Extractions of nucleic acids from control cells and in- 
fected cells readily showed the accumulated nucleic 
acid to be a consequence of increased synthesis of DNA, 
rather than of disorganization or rearrangement of 
chromatin material (16). Subsequent experiments, in 
which infected cells were extracted in series with 0.15-M 
NaCl followed by water or 1-m NaCl, suggested that 
at least two species of DNA nucleoprotein existed in 
infected HeLa cells: one was extracted in 0.15-M NaCl; 
the second was not soluble in 0.15-m NaCl, but was in 
water or in 1.0- —2.0-M NaCl. The first, that soluble in 
0.15-M NaCl, was the smaller in amount, and will 
subsequently be referred to as “‘saline-soluble DNA.” 
The second, that soluble in water or hypertonic NaCl, 
comprised the majority of cellular DNA, and will be 
referred to as ‘‘water-soluble DNA.” Very little saline- 
soluble DNA was obtained from uninfected cells. In 
contrast, adenovirus infection effected a marked accumu- 
lation of saline-soluble DNA (approximately a 4.5-fold 
increase), but a relatively small increase in water- 
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soluble DNA. A small increase in total RNA was also 
consistently measured in virus-infected cells. Approxi- 
mately a twofold increase in protein occurred in infected 
cells; the increase was of the same magnitude in fractions 
extracted with either 0.15-m NaCl or water (16). It 
should be emphasized that more than go % of infectious 
virus was present in the 0.15-M NaCl extract. However, 
ultracentrifugal studies showed that the vast majority 
of DNA present in this fraction was not incorporated 
into viral particles (16). 

These data suggested that two species of DNA were 
present in HeLa cells, and that increased synthesis of 
the saline-soluble fraction occurred in  adenovirus- 
infected cells. Experiments with P*-labeled inorganic 
phosphate confirmed this hypothesis. A marked increase 
occurred in the specific activity of saline-soluble DNA 
from infected cells, but no increase in the specific activity 
of water-soluble DNA was noted (17). 

Experiments were next designed to determine whether 
the saline-soluble DNA, synthesized as a result of viral 
infection, was derived from host material or from 
precursors contained in the media. Cell components 
were labeled with P*-labeled phosphate or C'4-labeled 
formate for 48 hr before infection. Prior to viral inocu- 
lation, isotope was removed; cultures were washed; and 
maintenance medium without isotope was added along 
with virus. Specific activities of the nucleic acids were 
determined 24 hr after infection. Under these conditions, 
no increase in specific activity of the saline-soluble DNA 
was measured. Indeed, a consistent decrease of 14-25 % 
occurred in specific activity of the saline-soluble DNA, 
as compared with DNA from uninfected cells. It is 
important to point out that this decrease in specific 
activity was not nearly so great as the increase in specific 
activity when isotope was added with, or 21-23 hr after, 
virus, or was it of the same magnitude as the measured 
increase in saline-soluble DNA in infected cells. These 
data imply that precursors of the DNA were obtained 
from the precursor pool of the cell (17) as well as from 
the medium. 

The question was next posed whether synthesis of 
saline-soluble DNA after viral infection related tem- 
porally to viral multiplication? The DNA synthesis was 
measured by both P® specific activity and total saline- 
soluble DNA. The eclipse period of the initial cycle of 
multiplication of the type 4 adenovirus was 14~15 hr, as 
shown in previous studies (15). Saline-soluble DNA 
(measured chemically) began to increase in infected 
cells at approximately the same time, between 14 and 
16 hr after infection. In striking contrast, the increased 
incorporation of P® into this species of DNA commenced 
approximately 12 hr after infection—2-3 hr before total 
saline-soluble DNA or virus increase could be detected. 
Experiments with C'*-labeled formate, in place of P®- 
labeled phosphate, confirmed this finding (17). These 
data imply that saline-soluble DNA and viral synthesis 
are related temporally, and that synthesis of saline- 
soluble DNA is initiated before mature infectious virus 
can be detected. It can be postulated, on the basis of 
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this evidence, that saline-scluble DNA may be a pre- 
cursor of virus, and is fabricated into the viral particles. 
Proof of this hypothesis will depend on preparation of 
highly purified virus, and determination of its base 
structure and radioactive specific activity, as compared 
with the saline-soluble DNA isolated from infected cells. 

Evidence obtained suggested that adenovirus-infected 
HeLa cells contained two different molecular species of 
DNA. Possibly, the difference in solubility characteris- 
tics may have been chiefly due to differences in basic 
proteins with which each species of DNA complexed. 
To determine if actual differences in the structure of the 
two species of DNA existed, quantitative analyses of the 
nucleotides of each were made. The DNA’s were hydro- 
lyzed enzymatically, and the nucleotides separated by 
column chromatography. Unfortunately, by the methods 
employed, it was not possible to obtain sufficient saline- 
soluble DNA from uninfected cells to give reliable 
results. Therefore, the saline-soluble DNA from infected 
cells was compared only with water-soluble DNA from 
infected and control cells. There was a striking difference 
between the saline-soluble DNA from infected cells and 
the DNA from uninfected cells (16). The difference was 
most marked by an increase in the level of guanylic acid 
and a comparative decrease in the level of adenylic acid. 
Water-soluble DNA from uninfected and infected cells 
had equal pairing of adenine to thymine and of guanine 
to cytosine—evidence to imply that the structure of this 
DNA is consistent with the Watson-Crick hypothesis, 
according to which DNA is a double-stranded molecule 
(18). In sharp contrast, however, molar ratios of the 
saline-soluble DNA from infected cells were not compati- 
ble with complementary pairing of adenine to thymine, 
and probably not of cytosine to guanine. These data 
imply that the saline-soluble DNA is a molecular species 
different from the normal host DNA, and that the 
saline-soluble DNA, because of an absence of base- 
pairing, does not fit the Watson-Crick model. Moreover, 
these data suggest that the saline-soluble DNA may be 
an example of a DNA of unusual structure: perhaps 
double-stranded, with loop side-chains (19); triple- 
stranded; or, possibly, a single-stranded polymer (20). 
Additional evidence to be summarized tends to support 
the last of the three alternatives. 

Incorporation of P* into nucleotides of saline-soluble 
DNA also provides further evidence that the saline- 
soluble DNA from infected cells is different and is 
possibly a new and novel DNA, at least so far as the 
HeLa cell is concerned. Although, there was a markedly 
increased P*®-incorporation into all nucleotides, the 
relatively increased incorporation of P® into deoxy- 
guanylic acid of saline-soluble DNA from infected cells 
was strikingly even greater (17). 

Experiments were also performed using, as precur- 
sors, adenine-8-C“* or C-labeled sodium formate. 
The saline-soluble DNA was extracted from uninfected 
and multiply infected HeLa cells, hydrolyzed to bases 
with formic acid and separated by two-dimensional 
paper chromatography. As previously demonstrated by 
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Salzman and Sebring (21), adenine-8-C™ was incor- 
porated into the purines of DNA in HeLa cells. The 
specific activity of adenine and guanine was increased 
threefold and sevenfold, respectively, in saline-soluble 
DNA of infected cells. For emphasis, these findings may 
be expressed in another manner: the specific activity of 
guanine was approximately twice that of adenine in 
DNA from infected cells, whereas the specific activities of 
the two purine bases were of the same order in DNA from 
uninfected cells. 

Experiments in which C"* labeled sodium formate was 
employed. as precursor demonstrated incorporation of 
the precursor into thymine as well as into the purine 
bases. These studies further indicated that the specific 
activity of bases from saline-soluble DNA was markedly 
increased, and that incorporation of one-carbon frag- 
ments into guanine as compared with other bases in the 
saline-soluble DNA from infected cells was greatly 
augmented. 

These data substantiate the notion, proposed earlier, 
that the saline-soluble DNA is a molecular species of 
nucleic acid, distinct and different from the bulk of DNA 
present in either uninfected or adenovirus-infected cells. 
Furthermore, the results presented suggest that the 
saline-soluble DNA from infected cells is novel and 
different from the DNA that is extracted from uninfected 
cells with 0.15-mM NaCl. 

To investigate the structure further, the saline-soluble 
and water-soluble DNA’s from infected cells were 
extracted by the phenol method, as modified by Kirby 
(22). This procedure yielded a preparation essentially 
free of protein, but containing considerable RNA. 
Efforts were made to remove RNA by incubation with 
ribonuclease. This proved to work successfully with the 
water-soluble DNA. It was striking, however, that, in 
the saline-soluble DNA preparation, less than 10% of 
the RNA was hydrolyzed even when incubated 2-3 hr 
with a large excess of ribonuclease. Of further significance 
concerning the structure of this DNA molecule was the 
finding that, after the DNA-RNA complex was heated 
at 60 C for 60 min, treated with ribonuclease, and 
dialyzed, no RNA could be detected by the orcinol 
reaction (23). 

These data suggest that the saline-soluble DNA 
molecule has many free, reacting groups with which 
RNA can complex firmly. Furthermore, these results 
present further evidence which implies that the saline- 
soluble DNA, synthesized within virus-infected cells, has 
a molecular structure different from that which is 
considered to be the host-cell DNA, the water-soluble 
DNA fraction. 

Additional evidence bearing upon this postulate was 
obtained by a study of the hyperchromic effect produced 
by heat denaturation of DNA freed from proteins and 
RNA. Purified (phenol-extracted, heated at 60 C for 60 
min, and ribonuclease-treated) water-soluble and saline- 
soluble DNA from infected cells were dialyzed against 
phosphate-buffered 0.1-m NaCl and heated at roo C for 
15 min. The water-soluble DNA—like a thymus DNA 
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control treated in the same manner—was denatured by 
this treatment, and showed a marked hyperchromic 
effect. In contrast, only a very minimal increase in 
ultraviolet absorbence followed heating of the saline- 
soluble DNA. These results further indicate that there 
is a marked difference in the structure of the two DNA 
molecules. The absence of a marked hyperchromic 
effect, after heating of the saline-soluble DNA, suggests 
that it does not have a double-helical structure, in which 
the strands are joined by hydrogen-bonding. However, 
additional evidence must be obtained by using highly 
purified DNA before one can be completely certain of 
the structure of saline-soluble DNA. 

The experiments described emphasize a mechanism 
by which cells manifest injury effected by a viral infec- 
tion. The striking intranuclear structural changes 
observed are the visual reflection of the biochemical 
events induced by adenovirus infection. Indeed, specifi- 
cally these changes probably result from the synthesis 
and the marked accumulation of DNA and protein, 
which are new and novel substances. 


INJURY OF CELLS BY VIRUS OR VIRAL PRODUCTS, 
WITHOUT VIRAL MULTIPLICATION 


It seems apparent that the picture thus far described 
is not the entire basis for cellular injury by viruses. 
Indeed, other factors are also involved in the mechanism 
of production of cytopathologic changes by adenoviruses 
(7, 24-26). As mentioned earlier in this discussion, there 
is abundant evidence to demonstrate that, in the absence 
of complete viral multiplication, viruses may injure and 
even kill susceptible cells. The most striking example of 
this phenomenon is “‘lysis from without” by the E. coli 
phages (27). This may be accomplished not only by 
infectious phage, but also by the phage-coats devoid of 
nucleic acid (28). There are now numerous examples of 
infectious animal viruses that induce similar effects, the 
best described being those of influenza (29-33) and 
Newcastle disease (34), on susceptible cells, and of lysis 
of certain red blood cells by the viruses of mumps (35) 
and Newcastle disease (36-38). The biochemical basis 
for injury of host cells with any of these agents is not yet 
clear. However, suggestive evidence has been obtained 
with certain model systems in vitro. 

It was demonstrated that influenza viruses combine 
with polymorphonuclear leukocytes by reactions similar 
to association of these agents with susceptible host 
cells in vivo (39). Merchant and Morgan showed that 
this reaction markedly reducing the ability of the white 
blood cells to phagocytize bacteria (40). Investigation of 
the basis for this phenomenon yielded several pertinent 
findings (41, 42). Influenza B virus markedly reduced 
the evolution of CO, from bicarbonate buffer by poly- 
morphonuclear leukocytes when glucose was used as 
substrate. Balance-experiments demonstrated that the 
inhibition of CO, evolution resulted directly from 
decreased glucose utilization and lactic-acid production. 
It should be further noted that influenza viral particles 
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did not lyse the leukocytes with which they reacted, 
but rather blocked the metabolic pathway of anaerobic 
glycolysis. Virus inhibited glycolysis when glucose or 
glucose-6-phosphate was employed as a carbohydrate 
source. However, when fructose-6-phosphate or fructose- 
1, 6-diphosphate was utilized as substrate, anaerobic 
glycolysis was not reduced by virus. These data suggest 
that the reaction of influenza virus with leukocytes in- 
duced a metabolic block between glucose-6-phosphate 
and fructose-6-phosphate in the anaerobic glycolytic 
pathway. This evidence suggests that virus affected the 
enzyme phosphohexoisomerase (41). 

Further experiments indicated that influenza viruses 
inhibit the capacity of leukocytes to phagocytize particles 
through a similar mechanism (42). Phagocytosis was 
inhibited by influenza B virus when glucose or glucose-6- 
phosphate was used as substrate. However, when 
fructose-6-phosphate was the carbohydrate utilized, 
phagocytosis was not reduced (42). These data furnish 
the biochemical basis for a “‘physiologic injury,”’ induced 
by a virus: a specific metabolic block of the Embden- 
Meyerhof pathway of anaerobic glycolysis. 

As one final example of cellular injury by virus in the 
absence of viral multiplication, let us turn once more to 
the adenoviruses. In cells infected with this agent there 
is synthesized a specific viral antigen, which causes 
cytopathic changes of HeLa cells in the absence of viral 
multiplication (24-26). Indeed, the gross cytopathologic 
changes induced by this material (rounding and clump- 
ing of cells) are very similar to the injury caused by 
viral infection. Separation of the toxin-like material 
from the viral particle is a unique virologic finding 
(24, 25). The “toxin” has been shown to be antigenic, 
heat-stable, and largely protein in composition. By 
chromatography using DEAE-cellulose, one can sepa- 
rate, from a homogenate of virus-infected cells, toxin, 
infectious virus, and two complement-fixing antigens 
(43-45). At pH 7.2, toxin and one of the soluble comple- 
ment-fixing components eluted as a single peak, at low 
ionic strength (0.08-m NaCl). These materials were 
separable from the soluble, complement-fixing antigen, 
which eluted at high electrolyte concentration (0.26-m 
NaCl). They were also separable from the infectious 
viral particles which eluted maximally from DEAE at 
0.40-M NaCl. The toxin-complement-fixation (CF) peak, 
when chromatographic study was repeated, at pH 5.2, 
yielded two distinct components: toxin and the so-called 
early CF antigen. Only the toxin induced cytopathic 
alterations of cells in culture (44). An immunologic 
analysis of these fractions was carried out using neu- 
tralization, complement-fixation, agar-gel—diffusion, and 
immunoelectrophoretic techniques. From these experi- 
ments, in which the starting material was a homogenate 
of type 5-infected cells, the following data emerged: 17) 
the purified early CF antigen reacted only with type 
5-specific antibody or antibody prepared with the 
material which eluted at pH 7.2 with 0.08-m NaCl (it 
contained toxin and early CF antigen), but not with 
type 4, type 2, or late-peak CF-component antibodies; 
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thus, it is type-specific; 2) toxin reacted with antibodies 
against all types of adenovirus; it is a group-specific 
antigen; 3) the late CF antigen reacted with antibodies 
to types 2, 4, and 5 viruses as well as with the homologous 
antibody, but did not react with antibody against the 
early CF component; it is the group-soluble complement- 
fixing antigen; 4) infectious virus reacted with, and was 
neutralized by, type-specific antibody, as well as by 
antibody against the purified early CF antigen (44, 45). 
It may be deduced from these results that the early CF 
antigen and the infectious virus are both type-specific; 
that the toxin and the iate-eluting CF antigen are 
group-specific; and that some or all of the soluble 
antigens identified are probably precursors of mature 
viral particles. The antigens separable from the mature 
viral particles are probably produced in great excess, 
thereby accumulating in the infected cells. 


CONCLUSIONS 


One may postulate, from the evidence cited, that 
injury of adenovirus-infected cells is the direct result of 
an uncontrolled synthesis of viral components. The 
protein, formed in excess in the virus-infected cells, is 
similar to the protein antigens present in the infectious 
viral particles. Preliminary investigation suggests that 
the adenoviruses are DNA viruses (17). It is hypothesized 
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that the new and novel saline-soluble DNA, obtained 
from infected cells, is identical with the nucleic acid 
present in viral particles. Because infected cells are not 
lysed, the DNA and protein continue to be synthesized 
in uncontrolled manner in great excess of that required 
for fabrication of mature virus. These materials that 
accumulate in infected cells may, then, be termed 
“surplus’ DNA and protein. The accumulation of 
“surplus” DNA within the nucleus forms inclusion 
bodies which are the recognized hallmark of adenovirus- 
infected cells. The large amount of ‘“‘surplus” protein 
that is synthesized as a result of infection contains bio- 
logically active protein, which is a toxin-like substance 
that causes further cellular injury and is noted as a 
rounding and clumping of the cells—the characteristic, 
gross, cytopathic effect observed. 

Thus, with adenoviruses, we note that two mecha- 
nisms are responsible for cellular injury: 1) synthesis and 
accumulation of specific materials, thereby forming 
inclusion bodies; and 2) direct injury of a cell by a 
toxin-like material. These are bases by which animal 
viruses can injure host cells—either alone or in com- 
bination. It is not implied that these are the only means 
by which viruses inconvenience cells; rather, the ex- 
amples cited are models of the mechanisms by which 
a virus-infected cell may be damaged. 
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Bacteriophage with single-stranded 


deoxyribonucleic acid 


ROBERT L. SINSHEIMER 
Biology Division, California Institute of Technology, Pasadena, California 


‘Ten DISCOVERY of a new category of virus (1), con- 
taining as its apparent genetic material, a single-stranded 
form of deoxyribonucleic acid (DNA) (2), has enlarged 
our horizons, and has raised numerous questions and 
numerous research opportunities concerning viral 
function and replication. To date, despite some sugges- 
tive evidence in other areas, viruses of this class are 
known only among the bacteriophage and, indeed, only 
the £. coli phage, ¢X 174, has been convincingly demon- 
strated to be of this type, although it is most likely that 
the related bacteriophage, S13, is similar (3). 

All the work I will consider, then, concerns the 
prototype virus, @X 174. This is a virulent bacteriophage 
which grows within, and invariably lyses certain strains 
of, colon bacteria. The virus can be collected from 
lysates, and, after extensive purification, can be obtained 
in ultracentrifugally pure form. Light-scattering studies 
of the virus indicate a particle weight of 6.2 X 10% 
Thus, it compares in size with the smaller plant or 
animal viruses, and is much smaller than a bacteriophage 
like T2, which has a particle weight of 240 million. 
Elegant electron micrographs of ¢X, taken by Cecil Hall 
and associates (4), indicate that it has a considerable 
degree of substructure. It appears to have pentagonal 
symmetry, and the pattern observed can be interpreted 
either as a pentagonal dodecahedron, with a protuber- 
ance on each face, or as an icosahedron, with a bulge at 
each vertex. In either case, one might expect this surface 
structure to be formed of identical protein subunits— 12, 
24, or 60, in number. 

Dr. Carusi, in our laboratory, has recently been able 
to decompose, in alkali, plus detergent, the protein coat 
into what appears to be a subunit (Fig. 1) of sedimenta- 
tion coefficient about 5s. Although a molecular weight 
for this particle has not yet been obtained, this is about 
the sedimentation rate to be expected for a léq piece, 
which would be of a molecular weight of about 75,000. 

This 5s component is still antigenic. It reacts with the 
inactivating antibody in antisera to ¢X bacteriophage. 
Gel-diffusion tests have previously indicated (according 
to U. Rolfe, in unpublished data) the presence of two 
antigenic sites on the ¢X particle. One of these appears 
to be, at least, a portion of the 5s protein, and the block- 
ing of such sites by antibody appears to inactivate the 


virus. In addition, as can be shown by exhaustion of 
anti-@X sera against 5s preparations, there is a second 
antigenic site and a corresponding antibody. This 
second antibody acts at low dilution to precipitate ¢X, 
but does not inactivate it at the usual levels of antiserum 
employed. It is, conceivably, an antigen against some 
contour formed by aggregation of the 5s material into 
the virus coat. Additionally, antisera to purified 5s 
protein will inactivate @X. 

So far, no protein other than the 5s unit has been 
obtained from the protein coat, and this unit must con- 
stitute at least 80 % of the coat. 

The virus contains 25.5% DNA by weight. It is 
devoid of RNA. The DNA content is, thus, about 1.7 X 
108. When isolated from ¢X by the phenol method 
(other methods have given similar results), the DNA 
obtained has a molecular weight of 1.7 X 10%, indicating 
the presence of 1 molecule per particle. This nucleic 
acid content is similar to the RNA content of the small 
RNA-containing viruses, such as the turnip-yellow 
mosaic or the poliomyelitis (5) virus. 

A variety of lines of physicochemical evidence was 
used to establish that this DNA has unusual properties 
and is, indeed, single-stranded. Studies of the influence 
of ionic strength and temperature on configuration and 
on hypochromicity indicated that this was a flexible 
molecule, and one that lacked the usual manifestations 
of an ordered, hydrogen-bonded structure. Studies of 
the kinetic aspects of deoxyribonuclease digestion fitted 
well the expectation for a single-stranded structure. The 
ability of this DNA to react with formaldehyde was 
demonstrated spectrophotometrically even when within 
the virus. This result again indicated the absence of a 
regularly hydrogen-bonded structure, and excluded 
possibilities of artifact. Finally, the nucleotide composi- 
tion was shown to be clearly noncomplementary. 

The conclusion that this virus contains a single- 
stranded DNA provided a ready explanation for the 
concurrent observation by Tessman (3), namely that the 
efficiency of inactivation of ¢X 174 by decay of incor- 
porated P® is 1.0 per P® disintegration rather than 0.1, 
as had been observed with all other bacteriophage. 
Tessman also, more recently, neatly confirmed this 
conclusion by an elegant genetic experiment (6). As was 
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FIG. 1. Sedimentation pattern of 5s protein from @X coat, 
frame taken after 40 minutes at 57,040 rpm, 20°C. 


first demonstrated with the tobacco mosaic virus by 
Mundry and Gierer (7), nitrous acid is a potent mutagen 
that appears to act by deamination of the purine and 
pyrimidine rings of nucleic acid. Nitrous’ acid is also 
mutagenic for bacteriophage. With bacteriophage T4, 
it has been observed that, among the phage surviving 
the treatment, many are heterozygotes (8), that is, in 
single infection, they give rise to cultures with equivalent 
numbers of mutant and wild-type virus particles. Such 
heterozygotes are presumed to arise from deamination 
of one strand of the two-stranded DNA of T4, thus 
producing a particle with one mutant strand and one 
wild-type strand, each of which contribute to the 
progeny. Now, as @X 174 has but a single strand of 
DNA, such heterozygotes should not be possible; indeed, 
Tessman showed that the mutants, produced in @X 174 
by the action of nitrous acid, are all homozygous, which 
is in agreement with the expectation. 

Having but one strand of DNA, it would appear to be 
potentially feasible to produce infection of bacteria 
with the free nucleic acid, if there were means to facili- 
tate its entry into the cell. To achieve this, attempts have 
been made, with some success, to obtain infection of 
bacterial protoplasts with ¢X DNA (9). 

The protoplasts are made by the lysozyme-plus- 
versene method of Fraser et al. (10). Protoplasts of the 
usual host, £. coli strain C, or of the resistant mutant, 
C/¢, or of different strains of E. coli—B or K12, which 
do not usually serve as hosts for this virus—are all 
equally effective. The use of protoplasts of resistant 
strains has advantages in excluding the possibility that 
the virus particles produced are a consequence of 
infection of some residual whole cells by some residual 
phage in the viral nucleic acid preparation, although 
the nucleic acid preparations are free from any demon- 
strable infective virus particles. Whole ¢X particles will 
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FIG. 2. Infectivity and particle concentration of samples from a 
cesium chloride density gradient band of ¢X-DNA; mean density 
of the band is 1.72 gm/cm*. Biological activity is shown by open 
bars, particle concentration, calculated from the ultraviolet 
absorption, by solid bars. 


not infect these protoplasts, and ¢X DNA will not infect 
whole cells. 

If ¢X DNA is added to a suspension of properly 
prepared protoplasts, and nutrients are supplied, infec- 
tive centers are formed (which plate upon the usual 
host, £. coli strain C) and, after a latent period, free 
phage begins to appear in the medium. Quite respectable 
titers of phage, 10° per milliliter or higher, can be 
obtained from this system. The number of infective 
centers obtained is not linearly related to the number of 
DNA molecules added, so that whereas, with high 
concentrations of DNA, only one infective center is 
formed per 10° DNA molecules, at low concentrations, 
the efficacy of infection rises to 10% or higher, and a 
net synthesis of viral nucleic acid is obtained. 

That the infection here is actually owing to DNA is 
demonstrated by the susceptibility of the infective 
element to deoxyribonuclease, by the infection of 
protoplasts of normally immune strains, by the total 
lack of any infectivity upon whole cells of the normal 
host, and by the congruence of the biological activity 
of these preparations (Fig. 2) with the ultraviolet 
absorption of the ¢X DNA, when this DNA is banded 
in a cesium chloride density gradient (11). 

This system, with which infection can be obtained 
with the free nucleic acid, has many potential applica- 
tions. It is being used to study the course of synthesis of 
the @X nucleic acid during the infective process. 

It is also possible to obtain subviral agents, other than 
the free ¢X DNA, which are infective for protoplasts, 
but they are no more infective per DNA complement. 
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FIG. 3. Equilibrium positions of ¢X (left) and heated @X (right) 
particles in a CsC] density gradient. 


If virus particles are heated for 5 minutes at 70 C, a 
discrete reaction takes place. A new particle is formed 
of sedimentation rate about 45s. A small amount of 
free DNA is liberated. Further heating at 70 C does not 
alter this pattern. The 45s particles still retain DNA, as 
indicated by ultraviolet absorption, but this DNA is now 
exposed to deoxyribonuclease. If the particles are 
treated with deoxyribonuclease, the sedimentation rate 
rises to about 70s. Changing ionic conditions also affect 
the sedimentation rate of these particles; they act as 
though the virus particle had popped open and its DNA 
were now streaming out. Indeed, electronmicrographs, 
by Hall and colleagues, indicate that this is exactly what 
has happened (12). 

Such heated preparations are infective upon proto- 
plasts. (This was first observed by Tessman, according 
to a personal communication.) These particles band 
at a slightly greater density than does native virus in the 
cesium chloride density gradient, so they can be sepa- 
rated from the traces of intact virus that remain (Fig. 
3). They appear to have lost some protein, but clearly 
retain much ot it, as they band far away from DNA. 
Thus, the particles could be isolated from this band, and 
their infectivity to protoplasts assayed. They are infective 
to protoplasts, but not more so than is the free DNA. 

Perhaps the most intriguing question concerning the 
single-strand DNA virus is that of its replication. How 
does a single-stranded nucleic acid replicate? It is 
interesting that, as cooperative experiments with Dr. 
Arthur Kornberg and his group have shown, if @X 
DNA is used as a primer with the DNA polymerase, a 
product having the viscosity and hypochromicity of a 
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two-stranded DNA is formed (13), and this, then, goes 
on to make more two-stranded DNA. This result was 
demonstrated in a clear way by the use of ¢X DNA as 
the primer, and the substitution of 5-bromouracildeoxy- 
riboside - triphosphate for thymidine - triphosphate in 
the reaction mixture. In this way, the new strands con- 
taining 5-bromouracil are heavier than the old ones, 
and the first result expected, then, would be the forma- 
tion of a hybrid DNA molecule, one strand containing 
thymine and one strand containing 5-bromouracil, which 
should band in the cesium chloride density gradient at 
about 1.74 density. The DNA molecules made subse- 
quently from this hybrid would be 50 % hybrid and 50 % 
completely 5-bromouracil-substituted. Molecules of the 
latter type should band at a density of about 1.79. This 
was just the result obtained (Fig. 4) when ¢X DNA was 
used as a primer, and the polymerization allowed to 
proceed to somewhat more than double the amount of 
DNA. 

This result immediately raised the question whether 
in vivo, the ¢X DNA forms a two-stranded structure 
during its replication. Of course, even if it did, this 
does not explain how it would ever get back to a single- 
stranded form, but the question is certainly of interest. 
Experiments have recently been undertaken to obtain, 
at least, some preliminary answers to this question. 

The @X virus has been prepared labeled both for 
radioactivity with P® and for density by complete 
substitution of N'* by N®. The DNA of such particles 
is easily distinguished in density from normal N", 
@X DNA or from host DNA (Fig. 5). Cells have been 
infected with such phage; the infection stopped at 7-8 
min; the cells centrifuged, washed, and lysed; and the 
lysate deproteinized with phenol. After some purification, 
carrier N'4, ¢X DNA is added to the deproteinized 
cellular extract, and this material is banded in an 
equilibrium cesium chloride density gradient in a 
lusteroid tube. The distribution of radioactivity and of 
ultraviolet absorption in the density gradient is examined 
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FIG. 4. Densitometer tracing of ultraviolet photograph of 
contents of ultracentrifuge cell containing ¢X DNA as a density 
marker and the products of synthesis when ¢X DNA is incubated 
with DNA polymerase and 5-bromouracil is incorporated; CsCl 
density gradient, at 44,770 rpm after 24 hours of centrifugation. 

FIG. 5. Separation of N'*-6X-DNA (containing P®), N'4-¢X- 
DNA and E. coli DNA after banding in a CsCl density gradient. 


Fic. 6. Radioactivity and ultraviolet absorption observed in 
alternate drops collected from a CsCl density gradient after 48 
hours of centrifugation at 37,020 rpm at 2.5°C. The material 
banded in the gradient was a mixture of the DNA extracted at 6 
minutes after infection from EF. Coli. cells infected with N'5 P® 
labeled $X virus particles, and added N" ¢X DNA, employed as 
a density marker (to be located by its ultraviolet absorption). 


\ 
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by flowing the solution, dropwise, through a_ hole 
punched into the bottom of the tube at the end of the 
centrifuge run, followed by analysis of each drop. The 
result of one such experiment (Fig. 6) is that much of 
the radioactivity is found just where single-stranded, 
N®, @¢X DNA would be expected to band, relative to 
the carrier N', @¢X DNA located by its ultraviolet 
absorption. Since these experiments are carried out at a 
multiplicity of plaque-former per cell of considerably 
less than one, and since the number of infected cells was 
equal to the number of viable phage particles added, 
this DNA cannot have just come from cells wherein 
nothing is happening. Indeed, the amount of radioactive 
DNA recovered from the extracted cells is just what 
would be expected, knowing the fraction of viable 
particles in the phage preparation. However, a small 
band is also found at a second, lighter density. Now, it 
is rash to attempt to identify a substance by only its 
density. However, it is of interest that the band is at the 
density to be expected for a two-stranded molecule, to 
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be composed of one N"®, @X strand and one N¥ 
complementary strand. 

The £. coli DNA bands at a density of 1.710. A 
complementary, two-stranded ¢X DNA would—from 
its adenine-to-guanine ratio—be expected to band at 
1.702 (14, 15). A hypothetical hybrid—N", N", $X 
DNA—should band at 1.709. This would be, in the 
experiment, about 8 drops lighter than the carrier, 
N'*, @X DNA. 

This experiment has been repeated with similar 
results. With increasing time after infection, more of 
the radioactivity appears in the lighter band. This 
mixed result is rather hard to interpret at present. It may 
be that the putative two-stranded form is not achieved 
until some time after infection. In any case, of course, 
its significance remains to be determined. 

The availability of this unique virus, ¢X 174, thus 
appears to offer an unparalleled opportunity to probe 
deeply into the mode of replication of a single-stranded 
nucleic acid. 
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NUTRITIONAL SIGNIFICANCE OF SELENIUM (FACTOR 3)!,2 





Introduction 


KLAUS SCHWARZ Chairman, 
National Institutes of Health, Bethesda, Maryland 


: one of the rarer elements of our planet’s 
surface, received its name from the moon. The Swedish 
chemist Berzelius discovered it in 1817 as a constant and 
faithful companion of tellurium which had been named 
after earth. In biochemical systems, companionship— 
and antagonism—of selenium with another element of 
the sixth group, namely sulfur, is of great importance. 
Sulfur and selenium are quite similar, and a rather 
perfect analogy is observed between their organic 
derivatives. This similarity makes it difficult to separate 
selenium analogues from sulfur compounds even by 
modern techniques of fractionation, a situation which is 
compounded further by the fact that selenite and also 
selenides readily react, in vitro and in vivo, to attach 
themselves unspecifically to all manner of sulfhydryl 
groups. 

There is an elusive quality about the element: selenium 
dioxide and many organic derivatives are volatile. 
Most selenium compounds are also highly reactive, 
which makes the task of purification of natural organo- 
selenium compounds even more arduous. The complica- 
tions are best illustrated by the observation that not 
even the main low-molecular organoselenium compound 
found in seleniferous plants, of which the latter contain 
up to 1% or more, has been obtained in pure form in 
spite of several long-lasting efforts over the past 30 years. 
However, it has been tentatively identified recently. 

In animal tissues and in most nutrients, selenium 
occurs normally and physiologically in very small 


‘A symposium held in Atlantic City, N. J., April 13, 1961. 
Sponsored by the American Institute of Nutrition. Travel grants 
in support of this symposium were kindly supplied by Abbott 
Laboratories, Chicago, Ill.; Eli Lilly and Company, Indianapolis, 
Ind.; and the Nutrition Foundation, Inc., New York City. 

2The participants in this Symposium express their thanks to 
Dr. E. L. Hove, the co-chairman, for his valuable assistance during 
the session. 
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amounts. It is organically bound (as ‘“‘Factor 3”) and 
highly effective in the prevention and cure of a large 
variety of fatal deficiency diseases. The nutritional 
importance of Factor 3-selenium has been recognized 
only lately, and although we have a fair idea of the 
chemical properties of Factor 3-selenium as it occurs in 
nutrients and in the organism, the exact chemical 
structures of the active compounds remain to be deter- 
mined. 

Despite their companionship, sulfur and selenium 
frequently show a pronounced biochemical antagonism 
against each other in plants and microorganisms. This 
phenomenon may play a role in the development of 
enzootic Factor 3-selenium deficiency diseases in cattle 
and sheep. It is in these species that selenium, imme- 
diately after discovery of its physiological role, has 
started to find a wide and important field of practical 
application. Especially in New Zealand conditions for 
study and field trials of selenium responsive diseases are 
ideal, and Dr. W. J. Hartley, whose participation in 
this symposium is gratefully acknowledged, has made 
optimal use of these unique opportunities. 

While it is likely that selenium, when given in large 
amounts, may travel with sulfur in its metabolic channels, 
available evidence suggests that it follows pathways of 
its own when supplied at small, physiological levels. 
These amounts are so minute that they usually escape 
determination by classical methods of analysis, but 
application of radioactivation analysis and of Se’> can 
overcome most of these obstacles. Thus, although there 
are technical difficulties to be overcome, many important 
and challenging biochemical problems have been opened 
up; not the least of them would be the clarification of 
the pathways of Factor 3-selenium assimilation, the 
identification of the active form of selenium within the 
organism, and the mode of action of Factor 3-selenium 
in intermediary metabolism. 








Development and status of experimental work 
on Factor 3-selenium' 


KLAUS SCHWARZ 
National Institutes of Health, Bethesda, Maryland 


‘Si OPPORTUNITY of presenting a summary report on 
the development and the current status of the Factor 3 
project is much appreciated, particularly in view of the 
circumstance that most of this work has not been pub- 
lished as yet. From 1949 untill 1957 the project dealt 
mainly with attempts to isolate Factor 3 from natural 
sources using conventional fractionation methods and 
also techniques specifically developed for this purpose. 
After identification of selenium as the essential part of 
the a-Factor 3 molecule these efforts were halted in 
view of the low yields and the chemical lability of 
highly purified Factor 3 fractions. Since then, a two- 
pronged attack on the problem of the chemical structure 
of Factor 3 has been developed: 

a) Screening of organoselenium compounds for bio- 
potency and systematic synthesis of ‘“‘tailor-made” 
selenium derivatives are deployed to arrive at synthetic 
Factor 3-active substances. This approach is carried 
out in close and enjoyable cooperation with Professor 
Dr. Arne Fredga of the Institute of Chemistry, Uni- 
versity of Uppsala, Sweden, whose superior knowledge 
and experience in the field of organoselenium chemistry 
has greatly contributed to the progress reported here. 
Some of our joint results are presented below. 

b) With radioactive selenite-Se™®, the pathways of 
selenium metabolism are being investigated in yeast 
and in the rat. Dr. Trygve Tuve, working in our labora- 
tory, has devised highly sensitive methods of identifica- 
tion of natural organoselenium compounds employing 
multiple-system paper chromatography and_radio- 
autography. Several unknown such compounds have 
been detected. By using the labeled unknowns as markers 
their chemical characterization is being worked out. 
The work is not further discussed here since it has been 
dealt with elsewhere during the meeting (25). Suffice it 
to say that preliminary results indicate that selenium 
does not necessarily follow the pathways of sulfur metabo- 


1 The terms selenium and Factor 3 are not synonymous within 
the logical context of this symposium. Factor 3 designates a 
principle which in all its properties satisfies the criteria of a dietary 
agent of wide spread biological significance. Elementary selenium 
and many organic selenium compounds are not biologically 
active, while others are highly potent. Until final clarification of 
the structure of Factor 3, the term Factor 3-selenium is applied to 
designate Factor 3-active selenium compounds in general. 


lism, especially in the rat when it is applied at physio- 
logical levels. 

In the end it is hoped to combine the outcome of these 
two approaches by showing that one or the other Factor 
3-active, synthetic compound is identical with the nat- 
urally occurring active substances. 

Factor 3. The research which eventually led to the 
detection of the role of selenium as an essential dietary 
agent began about 20 yr ago. It was then discovered 
(17) that rats maintained on certain vitamin E-free 
rations low in sulfur amino acids died from a severe 
necrotic degeneration of the liver (Fig. 1). In earlier 
studies supplements of two dietary constituents, namely 
L-cystine (26) and vitamin E (18) had been found to 
protect against the deficiency. That a further factor, 
other than L-cystine and vitamin E, was involved became 
apparent even before tocopherol was found to be pro- 
tective, but conclusive evidence for the existence of this 
agent was obtained only after 1949. The agent was not 
identical to any previously known, chemically identified 
dietary principle. It was discovered to be present in 
brewer’s yeast (15), so-called vitamin-free casein (16), 
kidney, liver, and numerous other natural source ma- 
terials (Schwarz et al., unpublished data). For this 
principle the term Factor 3 was introduced in 1950, to 
indicate that it constituted the third natural agent known 
to affect the development of dietary liver necrosis. 

Factor 3 deficiency diseases. As could be surmised on 
general pathogenetic principles, liver necrosis, though 
the most important lesion seen in the rat, constitutes 
only a specialized case of a disease which involves other 
organs as well. In different species very different disease 
entities ensue. The mouse reacts to the same dietary 
conditions primarily with a pronounced degeneration 
of the heart muscle (Fig. 2), accompanied by peripheral 
muscle degeneration, liver necrosis, kidney necrosis, and 
pancreatic dystrophy (4). In birds, such as chicks and 
turkeys, simultaneous lack of vitamin E and Factor 
3-selenium produces exudative diathesis. This entails 
subcutaneous edema, changes of the serum protein 
levels, and also lack of growth (19). Especially since the 
discovery of selenium as the integral part of the Factor 3 
molecule has it become evident that the factor protects 
against a large variety of deficiency syndromes in numer- 
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ous species. A list of deficiency symptoms responsive 
to Factor 3-selenium is presented in Table 1. The dose 
levels needed for their prevention, and also cure, are 
physiological, i.e., they are equal or similar to Factor 





FIG. 1. Dietary necrotic liver degeneration in the rat (14). 
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FIG. 2. Multiple necrotic degeneration in the mouse (4). 
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TABLE!. Factor 3-Selenium Responsive Deficiency Symptoms 
in Different Species 


Necrosis 





r o2| 2/23 
sé Ss S2/.2/ 33 
84 [Liver| Tey 3 BH) ge | 30 
Rat (FH AE LD) FF OH) + 
Mouse (+) +/)/+;);+/)+ (—-) +;);+)- 
Rabbit + + 
Mink ior 
Hog + + 
Sheep (+) +i +ict 
Cattle Sade (os 
Chicken (+) Sd is 
Turkey + (+) 5 add es a 
Horse + 
Trout ? ? 


+ Pronounced pathological changes; (+) not always de- 
tectable; (—) occasionally found; — no pathological changes; 
? possible, but not clearly documented. 


3-selenium contents found normally in various dietary 
ingredients, feeds, or in tissues. Most of the diseases are 
fatal, and some are economically important. They will 
be more aptly described in the following articles. Knowl- 
edge in this area is still developing rapidly, and other 
selenium-responsive diseases may be found in the future. 

Interrelation with other factors. In many, but not all of 
these diseases, the remarkable synergistic correlation of 
Factor 3 to vitamin E can be observed. The nature of 
the interrelationship between these two primary pro- 
tective agents, and also of sulfur amino acids, has been 
a puzzle into which only recent studies have brought 
some light. Briefly stated, the results presently available 
are as follows: L-cystine, originally believed to play a 
primary role in the protection against liver necrosis, 
has been shown to contain a trace contamination of 
ca. 1-2 wg of selenium, which accounts in large part for 
its biopotency (24). Selenium-free sulfur amino acids in 
general, however, have a delaying effect on the disease. 
This is caused by a specific sparing effect on the vitamin 
E-requirement (20). The tocopherol sparing action of 
sulfur amino acids can be interpreted in metabolic 
terms. A specific breakdown of respiratory systems in 
the liver, respiratory decline, is prevented in vitro by 
tocopherol or a tocopherol metabolite. Respiratory 
decline, in turn, is due to the breakdown of enzymes 
containing sulfhydryl groups, probably more specifically 
vicinal dithiol groups. The active form of tocopherol 
appears to relate metabolically to these enzyme sites 
(2, 13). Dietary sulfur amino acid supplementation 
keeps the content of such active sulfhydryl compounds, 
for example of coenzyme A (1) and lipoic acid (Schwarz 
et al., unpublished data) at adequate levels. Under our 
standard dietary conditions, the latter are reduced to 
ca. 60% of normal. At which site Factor 3-selenium 
exerts its metabolic role is not yet known. Several pos- 
sibilities, such as specific steps in oxidation-reduction 
reactions, sulfur-amino acid metabolism, and also protein 
synthesis are under study. 
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TABLE 2. Composition of Basal Diet 


Torula yeast* 30 
Sucrose 59 
Lard, vitamin E-free f 5 
Saltst 5 


Vitamin powder§ 1 

* Lake State Yeast Corporation, Rinelander, Wis. i Vita- 
min E-free animal fat, stripped by molecular distillation (Dis- 
tillation Products Division, Rochester, N. Y.). t CaCOs, 
543-0 g; MgCOs, 25.0 g; MgSO,, 16.0 g; NaCl, 69.0 g; KCl, 112.0 
g; KH2PQO,, 212.0 g; FePO,.-4H2O, 20.5 g; KI, 0.08 g; MnSO,, 
0.35 g; NaF, 1.0 g; Ale(SO4)3-K2SO,., 0.17 g; CuSQ,, 0.9 g. 
§ Lactose, 88.68 g; thiamine HCl, 40 mg; riboflavin, 25 mg; 
pridoxine HCl, 20 mg; D-calcium panthothenate, 200 mg; 
choline chloride, 10 g; niacin, 1 g; menadione (2-methyl-1, 4- 
naphthoquinone) 10 mg; folic acid, 20 mg; biotin, 10 mg; and 
vitamin Bj, 1 mg. Vitamin A acetate (1 mg %) and vitamin D 
(0.01 mg %) were added to the diets dissolved in a small amount 
of ethanol (0.5 cc/100 g of diet). 


All available evidence demonstrates that it is fallacious 
to assume that vitamin E and Factor 3 substitute for 
each other. They are two different and separate entities. 
For instance, there are several well known vitamin E 
deficiencies which are completely unaffected by Factor 
3 even in large excess. Resorption sterility in the rat 
(7), muscular dystrophy in the rabbit (8), and encepha- 
lomalacia in the chick (3) are in this group. On the other 
hand, there are Factor 3 deficiencies which are un- 
affected by tocopherol, but they are less thoroughly 
investigated. In our experience, Factor 3-selenium 
deficiency produces adrenal atrophy, muscular wasting, 
severe pancreatic dystrophy and diminished growth in 
rats. However, it is very difficult to produce a diet com- 
pletely free of selenium. Even certain crystalline amino 
acids contain appreciable levels of the element. 

Factor 3 assay. For the intensive efforts between 1950 
and 1957 to isolate Factor 3 from various source mate- 
rials, prevention of liver necrosis in the rat was used as 
an assay system. The composition of the basal diet, in 
use without major variation since 1949, is shown in 
Table 2. The basic scheme of this ration is not different 
from other so-called semipurified dietaries, except that 
30% Torula yeast is used to supply the protein (14). 
The diet is suboptimal with respect to sulfur amino acids, 
and is free of vitamin E. The other vitamins and trace 
factors, as far as known, are supplied in ample amounts.” 
The protein content amounts to circa 13-15%. The 
response of our animals to the basal diet is rather uni- 
form. Under well controlled environmental and dietary 
conditions the inbred Fisher 344 strain of rats succumbs 
to liver necrosis on the average after 21 days. As a mat- 
ter of routine, animals are predepleted on the diet until 
the 13th day. At that time they are allotted to groups of 
ten and supplemented with test materials which are 
usually mixed into the ration. For exact comparisons, 
supplements to be tested are assayed at different dose 
levels. Usually, tests are terminated on the goth day, 
i.e., 17 days after the beginning of supplementation. 


2 With the exception of the glucose tolerance factor (GTF), 
identified as trivalent chronium (23). 
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Results are evaluated by comparison of the average 
velocities with which liver necrosis develops in various 
groups. In other words, the reciprocals of the individual 
survival times are averaged. An “‘infinite’”’ survival time 
is assigned to survivors since their reciprocal survival 
time (= velocity of developing the deficiency) limits 
towards 0. With graded dose levels of liver protecting 
agents, approximately straight-line dose response curves 
are obtained over a wide range, i.e., from 20 to 80% 
protection. Results are expressed in units, a unit being 
the amount of Factor 3 necessary in 100 g of diet to 
afford 50% protection (16). 

Natural distribution. The Torula yeast is produced 
commercially in large scale as a feed ingredient, for 
instance as a byproduct of cellulose and paper manu- 
facturing. It is grown on spent sulfite waste liquor and is 
not only free from tocopherol, like other yeasts, but also 
from Factor 3 potency. Recent determinations showed 
that it contains on the average about .3 ug of selenium 
per gram of dry weight, but the element is evidently 
biologically unavailable. This stands sharply in contrast 
to brewer’s yeast which is a good source of Factor 3 
and affords protection when supplemented at 3-5 % 
levels to the 30% Torula diet (15). Only true brewer’s 
yeast obtained from fermentation of wort has this effect, 
while the so-called “primary grown” Saccharomyces 
yeasts are—like Torula—low or free from Factor 3 
activity (12). In the earlier stages of our work on Factor 
3, the disparity between Torula yeast and brewer’s 
yeast has been one of the most valid points providing 
proof for the existence of the then unknown agent. The 
main reasons for the differences between yeasts appear 
to lie in the method of cultivation (medium, amount of 
aeration) and not in a difference between strains of 
yeast. It seems as if Factor 3 active selenium is present 
only in those yeasts which are grown or maintained in 
relative anaerobiosis. In yeasts, and possibly also other 
living systems, selenium could conceivably be shifted 
back and forth from an inactive storage form to a Factor 
3-active metabolic derivatives, according to the needs 
of the situation. 

Over the years a considerable body of information 
has been accumulated on the natural distribution of 
Factor 3. Most materials screened for potency were 
thoroughly fat extracted to eliminate possible inter- 
ference by vitamin E. Factor 3 is widely distributed in 
nature, it is found in materials of microbial, plant and 
especially animal origin. However, there are wide differ- 
ences in Factor 3 content, for instance between various 
organs. The most potent source of Factor 3 detected 
in these studies was dried, fat extracted sheep kidney 
powder, 0.2% of which sufficed in the diet to protect 
fully against death from liver necrosis (Schwarz et al., 
unpublished data). Even in this material the absolute 
amounts of Factor-3 selenium are minute: selenium 
contents range from 10 to 20 ug/g, but comparison of 
selenium analysis and Factor 3 potency shows that even 
in kidney not all the selenium is present in biologically 
active form. The chemical nature of the inactive form 
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of selenium in biological materials needs to be investi- 
gated further. 

Fractionation. For the purification procedure, large 
amounts of starting material had to be worked up. All 
in all, several tons of brewer’s yeast, kidney, and also 
casein-digests were used over the years. Methods for the 
liberation of Factor 3 were worked out for a variety of 
starting materials. 

Like many other essential micronutrients, Factor 3 is 
contained in natural material in strongly bound form. 
It seems to be associated with protein. Enzymatic autol- 
ysis or acid hydrolysis turned out to be indispensable 
for its extraction. The concentration of Factor 3 was 
tedious and time consuming. Its physicochemical prop- 
erties do not lend themselves easily to development or 
application of those techniques which are standard for 
purification of organic essential factors. Problems arose 
especially in the transfer of laboratory experiments into 
pilot plant scale, and later on in the elaboration of 
methods for the final steps of the isolation procedure. 
Following attempts with enzymatic digests of brewer’s 
yeasts and casein as source materials, a satisfactory pilot 
plant method was eventually worked out with pork 
kidney powder.’ Sulfuric acid hydrolysis was used to 
liberate the active principle. In the over-all project, 
more than 4,000 fractions were prepared in the labora- 
tory and evaluated in the animal assay for Factor 3 
potency. 

Separation of a- and B-Factor 3. It was recognized in 
1953 that, at least in kidney, two different components 
with Factor 3 activity occur. These were designated 
a- and 8-Factor 3. They can be separated by a variety 
of procedures (Schwarz et al., unpublished data). As far 
as is known, each behaves subsequently as a distinct 
chemical entity. In the crude fractionation scheme used 
for pork kidney powder, the a-Factor 3 separated out 
in the barium sulfate cake when sulfuric acid was pre- 
cipitated by barium acetate, after 6-8 hr of hydrolysis 
(Table 3). a-Factor 3 is adsorbed in this precipitate, 
either on the barium sulfate itself, or more likely on 
certain fractions of humic acid which settles with the 
former in large amounts. Humic acids are well known 
to have the properties of ion exchangers. 6-Factor 3, 
on the other hand, is contained in the filtrate. From the 
humic acid/barium sulfate cake a-Factor 3 is eluted in 
ca. 25-fold concentrated form by a fractionated treat- 
ment with alkali, barium hydroxide and ethanol. 
8-Factor 3 differs from a-Factor 3 in a variety of prop- 
erties. It is, for instance, extractable from water by 
phenol while a-Factor 3 stays behind. The two factors 
are easily and routinely separated in this manner which 
may indicate that 8-Factor 3, in contrast to a-Factor 3, 
has some cationic properties. 

a-Factor 3. After separation of these two fractions with 


’ Much of the pilot plant work has been carried out by Schwarz 
Laboratories, Inc., Mt. Vernon, N. Y. The most efficient and 
knowledgeable cooperation of the members of their staff, particu- 
larly of David R. Schwarz and Lionel C. Reed, is gratefully 
acknowledged. 
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TABLE 3. Separation of a- and B-Factor 3 


Kidney Powder 
(Defatted, Dried) 
H2SO,-Hydrolysis 

Ba-Acetate Neutralization 


we 
soe 
We 


Pra 
BaSO,-humic acid cake 
Alkaline ethanol-Ba(OH)>-frac- 
tionation 
a-Factor 3 
not phenol extractable 


Filtrate and wash 


B-Factor 3 
phenol-extractable 


Factor 3 potency, the isolation attempts were concen- 
trated mainly on the a-Factor 3 fraction. Through 
elaboration of a series of 12-15 reproducible subsequent 
steps of purification (Foltz and Schwarz, unpublished 
data), highly active a-Factor 3 preparations were ob- 
tained in milligram quantities by routine operation. 
These fractions can now be calculated to have contained 
a few percent of Factor 3, the remaining impurities 
consisting mostly of organic, low molecular carboxylic 
acids. Numerous attempts to purify this mixture further, 
for instance, by specific precipitations, chromatography 
on ion exchanger, silica or cellulose columns, high- 
vacuum distillation, solvent fractionation, and counter- 
current distribution failed, apparently due to the reac- 
tivity of the a-Factor 3 molecule. In contrast to many 
other selenium compounds, a-Factor 3 could not be 
sublimed, the activity being fully retained in the residue. 
By most other methods, especially column operations, 
the activity was irretrievably lost. Other procedures 
apparently liberated selenite-selenium. 

Selenium. The presence of selenium, at first ascertained 
by spot tests using the methylene blue-sodium sulfide 
method (5), was discovered by virtue of the fact that 
highly active Factor 3 fractions developed a charac- 
teristic, garlic-like odor when made alkaline. A series 
of analyses of Factor 3 concentrates of varying origins 
and very different degrees of purification showed a 
correlation between selenium contents and potency in 
the bio-assay against liver necrosis in the rat (21). Most 
important, it was found immediately that known organic 
as well as inorganic selenium compounds were highly 
potent in affording protection against liver necrosis. 
However, different selenium compounds showed widely 
different activities; some were completely inactive. In 
spite of this degree of chemical specificity in the Factor 
3 activity of selenium compounds, it is most unlikely 
that the factor itself is of vitamin nature. Comparison 
of injected versus fed doses of selenite-selenium showed 
no difference in activity. Similarly, the feeding of sulfanil- 
amides, while largely suppressing the gastrointestinal 
flora, did not change the biopotency of selenite (Schwarz 
et al., unpublished data). While these experiments 
would tend to show that assimilation of selenite to the 
organically bound forms of Factor 3 occurs within the 
tissues of the rat organism, conclusive evidence on this 
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TABLE 4. Biopotency of a-Factor 3 
EDs, ug % Se 
1. 3/5016, Purified a-Factor 3 concen- 72 
trate from pork kidney (Radio activation anal- 


ysis) 
2. 3/5329, Purified a-Factor 3 concen- .69 
trate from pork kidney (Radio activation anal- 
ysts) 
3. Average from H.SO, digests of 3 dif- 73 
ferent, purified a-Factor 3 frac- (Codeine method) 
tions (22). 


point would be gained only by germfree-animal experi- 
mentation. 

Biopotency of selenium compounds. For the comparison of 
biopotencies of various compounds the 50% effective 
dose levels (ED;9) were established by serial bio-assays 
at varying levels of supplementation (22). The results 
were related to the selenium content, i.e., each EDs5 9 is 
expressed in micrograms of selenium supplemented per 
hundred gram of diet (ug % selenium) to afford 50% 
protection. Determinations of selenium by various 
methods in our purified preparations of known bio- 
potency produced a figure of approximately .7 wg % 
selenium for the ED5» of Factor 3 (Table 4). This con- 
stitutes a maximal value. Since the animals eat ca.6 g of 
diet per day, a daily dose of .04 ug of Factor 3 selenium 
protects half, while .1 wg does so completely over the 
time of our assay. 

Factor 3 selenium is at least three times as potent as 
inorganic selenium compounds. Elementary selenium is 
inactive. Of most inorganic selenium compounds, for 
instance, selenite or selenate approximately 2-3 ug % 
selenium are required for 50% protection over the ex- 
perimental period of 30 days.* For exact comparison of 
biopotencies, selenite can be used conveniently as a 
reference standard. 

‘Effective dose levels of various selenium compounds 
taken rather at random from a total of ca.200 substances 
assayed since 1957 are shown in Table 5. As summarized 
previously (22), three main categories can be differ- 
entiated: a large group is fully inactive or needs to be 
supplied at high dose levels in order to produce protec- 
tion, being as ineffective as elementary selenium or 
nearly so. Biological inactivity can naturally be due to a 
number of reasons: the material may not be absorbed 
from the gut; it may not be broken down effectively to 
make the selenium available; it may be instable and 
precipitate elementary selenium; it may be excreted so 
effectively from the organism that it cannot be used; and, 
lastly, it may be converted more rapidly into the hypo- 
thetical, inactive form of organoselenium than into the 
active one. For several of these mechanisms examples are 
on hand. 

A second, relatively large group of compounds shows 
an EDs5o of 2-3 ug % selenium, i.e., these substances 


4 Long term studies have shown that 10 ug % selenite-selenium 
will protect the animals over their entire life span, in the absence 
of vitamin E. Under these conditions, a severe tocopherol deficiency 
disease develops which afflicts mainly the central nervous system 
(10). 
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will protect when added at levels equivalent to those 
required of selenite- or selenate-selenium. This might 
indicate that the organism is efficient in breakdown and 
metabolism of a wide variety of organoselenium deriv- 
atives. They all may be utilized for the production of 
Factor 3 within the organism, i.e., the selenium atom 
may be liberated and used, like selenite selenium, asa 
building stone of the selenium derivative which is ul- 
timately effective in metabolism. The selenium analogues 
of the sulfur amino acids, specifically cystine, cystathio- 
nine, and methionine, are in the second category. They 
can be utilized by the rat for Factor 3 activity, but they 
are not more potent than selenite. It follows from this 
observation that these substances are not identical with 
a-Factor 3; they also do not show the chemical proper- 
ties which are characteristic of the latter. 

The third group contains substances which are—like 
Factor 3—more effective than selenite. Thus far, only a 
very few such compounds are known, and none of them 
surpasses the EDs5o of .7 ug % selenium characteristic 
of a-Factor 3. We like to assume that some of these 
compounds are closely related to Factor 3. However, 
since the metabolically active form of selenium in the 
organism is presently unknown, it remains to be estab- 
lished how closely a-Factor 3 relates to it. Other hypo- 
thetical reasons for enhanced potency, such as more 
quantitative absorption or more efficient handling in 
the interconversion to Factor 3 must be taken into con- 
sideration. 

On the whole, it must also be understood that these 
figures for biopotency are valid only for the rat. From 
published results a few comparisons can be made between 
rat and chick assays carried out with identical prepara- 
tions (19). There is good agreement of the relative po- 
tencies in both tests. Yet, there can be no doubt that in 
other species, possibly most prominently in ruminants, 
the relative potencies of various selenium compounds 
might be different. 

Synthetic approaches. From the behavior of a-Factor 3 
in the course of the fractionation procedures, from sys- 
tematic stability tests at various phases of purification, 
and from other chemical and physical investigations with 
Factor 3 preparations certain concepts of the chemical 
nature of a-Factor 3 have evolved. For example, the 
a-Factor 3 molecule has strongly acidic properties, it 
contains selenium most likely in the oxidation state of 
selenite (+4), or possibly selenate (+6), it is of low 


TABLE 5. Relative Potencies of Selenium Compounds Against 
Dietary Necrotic Liver Degeneration 


EDi,* wg % Se 


Factor 3 SS 
Sodium selenite 2:2 
Selenocystine 2.4 
Benzeneseleninic acid 6.7 
Selenouracil ca. 60 
Phenylselenide 134 


Inactive (> 300) 


Selenium (gray modification) 
Inactive (>300) 


4-Carboxybenzeneseleninic acid 


* Effective dose level required for 50% protection. 
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molecular weight, and it is nonaromatic. All available 
observations point to the possibility that a-Factor 3 is 
an aliphatic seleninic or selenonic acid. It is on this 
premise that the collaborative studies with Dr. Arne 
Fredga and his colleagues are based. 

Assays of mono-selenium di-carboxylic acids of the 
type Se((CH2z),COOH):» produced evidence that dif- 
ferent members of this series are utilized to greatly dif- 
ferent extents (Table 6). While the acetic, propionic and 
butyric acid derivatives are rather inactive, the seleno- 
§,6’-di-valeric acid is quite effective. However, it does 
not surpass selenite. 

The inactivity of the three lower mono-selenium deriv- 
atives and many other similar compounds tested is 
contrasted by the fact that the corresponding di-seleno 
derivatives of carboxylic acids are utilized quite well 
(Table 7). In this series of compounds, biopotency in- 
creases with the distance of the selenium from the car- 
boxyl group. An optimum of biopotency is found when 
the element is in the y-position from the carboxyl group. 
The butyric acid derivative is slightly, but distinctly 
more potent than selenite. 

It has been known since before 1935 that the aliphatic 
di-seleno-di-acids are very readily oxidized in vitro to 
the corresponding seleninic acids (6), especially under 
neutral or slightly alkaline conditions: 


COOH (CH2),Se Se (CH2),COOH + 3 O:/2 + 
H2O <s 2 SeO.H (CH2),COOH 


This oxidation is easily reversible. The reaction is quite 
likely to occur in vivo as well. Animal assays with the 
seleninic acids, obtained by oxidation of the di-seleno-di- 
acids, gave results indistinguishable from those with the 
reduced forms. In view or this interchangeability, and 
since the di-seleno compounds are handled more con- 
veniently, most subsequent studies were carried out with 
the di-seleno forms. Tests with all possible isomers of 
di-seleno-di-butyric acid and with similar series of 
compounds showed that enhanced biopotency is en- 


TABLE 6. Monoseleno-di-n-carboxylic Acids 


EDs, ug % Se 


Seleno-diacetic acid 22 
Se(CH,—COOH),. 

Seleno-8,8’-dipropionic acid 55 
Se(CH,—CH.,—COOH)>. 

Seleno-y,y’-dibutyric acid 63 
Se( CH.—CH.—CH.—COOH), 

Seleno-6,5’-divaleric acid 2.5 


Se(CH.—CH:;—CH,—CH:.— COOH): 
TABLE 7. Biopotency of Di-seleno-di-carboxylic Acids 
Se-(CH:)n-COOH 


Se-(CH2)n-COOH 


EDs. ug % Se 


Di-seleno-di-n-acetic acid 2.3 
Di-seleno-di-n-propionic acid 1.9 
Di-seleno-di-n-butyric acid 1.8 
Di-seleno-di-n-valeric acid 2.6 
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TABLE 8. Di-seleno-di-n-carboxylic Acids Various Positions of 
Selenium on Carbon Chain 
EDw, ug % Se 
Di-seleno-a,a’-di-n-butyric acid 3-4 
(CH;—CH;—CH—COOH)>: 


Se 
Di-seleno-8,8’-di-n-butyric acid 3.1 
(CH;—CH—CH,—COOH). 
Se 
| 
Di-seleno-y,y’-di-n-butyric acid 1.8 


(CH,—CH;—CH.—COOH): 


Se 
| 
Di-seleno-y,y’-di-n-valeric acid 1.4 
(CH;—CH.—CH,.—CH.,— COOH), 
| 
Se 
Di-seleno-6,5’-di-n-valeric acid 2.6 
(CH.—CH,—CH,—CH2,—COOH ): 


| 
Se 


countered only with substances which have a normal, 
straight chain of carbon atoms. 

Biopotency enhanced further over that of the y-sub- 
stituted butyric acid was obtained with y ,y’-di-seleno- 
di-valeric acid (Table 8). This synthetic compound is a 
racemic mixture. It shows an ED5» of 1.4 ug % selen- 
ium, i.e., it is half as potent as a-Factor 3. Experiments 
to clarify whether one of the stereoisomers is similar in 
biopotency to Factor 3 are under way. However, the 
deracemization of the compound is difficult; thus far it 
has been achieved only in part. Alternate synthetic 
approaches to the stereoisomers of y-seleno-valeric acid, 
or of derivatives thereof with biological activity, have 
been developed more recently by Dr. Fredga and his 
collaborators. 

Several other aspects of the interrelationship of struc- 
ture and potency of selenium compounds are under 
investigation by the same approach. At any rate, from 
the examples presented here, it is clear that synthetic 
organoselenium compounds with properties similar to 
those of a-Factor 3 and with biopotencies surpassing 
that of selenite-selenium can be obtained. The y ,y-di- 
seleno-di-valeric acid is currently being used for clinical 
trials. 

Methods of selenium determination. Even though selenium 
determination cannot substitute for assays of Factor 3 
activity, a reliable procedure of analysis of tissues, nu- 
trients, and other specimens of biological origin would 
be most desirable for physiological, nutritional, and 
especially also clinical studies. Several colorimetric 


5 In several countries, laws require specifically that foods contain 
“no” selenium. These laws were made before recognition of the 
fact that almost all important foods and feeds contain small, but 
appreciable amounts of the element, at a time when methods for 
determination of these quantities of selenium were not available. 
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or titrimetric methods are available, the sensitivity of 
which would at least in theory suffice to assay the small 
amounts of the element which elicit the pronounced 
protective effects discussed here. In our group we have 
given careful study to many of these techniques. In spite 
of their sensitivity almost all existing procedures have 
turned out to be inadequate for the purpose. There are 
several reasons: the most important difficulty in the 
assay, and one which has been overlooked in many of 
the older attempts to find the element in biological 
specimens, is a severe and frequently complete loss of 
selenium during the digestion procedures routinely 
applied. Chloride and other halogens are present in most 
samples of biological nature. Selenium, usually amount- 
ing to 0.1—5 ug/g of dry matter, seems to react with these 
elements and disappears from dry and wet ashing mix- 
tures as a halogen derivative. The complication could 
be overcome by the development of digestion methods 
in closed systems. These, however, such as the sodium 
peroxide bomb or the Schéniger combustion method 
(11), do not have the capacity for the amounts of speci- 
men needed. In dry ashing methods, sublimation of 
SeQOz is a further cause of loss. Another, but less serious 
reason for errors is the loss of selenium, mostly as SeOs, 
during the drying of specimens and during dry storage. 
Such losses happen even in the course of lyophylization, 
as can be ascertained with radioactive biological ma- 
terials. 

Provided that these difficulties can be overcome, there 
still remains the necessity to study carefully the adequacy 
of the method for each type of sample to be analyzed. 
As a standard for recovery studies, selenite, which can 
be determined easily, should not be used; organoselenium 
compounds must be applied. 

At present radioactivation analysis (g) seems to be 
the method of choice. In analyzing for selenium, the 
sample in its crude, liquid or dry form is irradiated in a 
nuclear reactor or by another source of neutrons. 
Through an n,¥y-reaction, one of the natural isotopes of 
selenium is converted into radioactive Se7®, which has a 
half life of 128 days and is easily handled. Subsequently, 
a carrier amount of unlabeled selenium is added in large 
excess (20 mg) before digestion of the material, and care 
is taken that wet ashing is thorough and complete. 
Following distillation with bromide, selenium is isolated 
in elementary form and counted for radioactivity. The 
losses occurring during digestion would be critical if only 
a very small quantity of selenium were present. Due to 
the carrier-selenium they become irrelevant. It must be 
emphasized that success even of this method depends on 
careful execution and on the elaboration of suitable 
controls and techniques for each type of sample. More 
recently, efforts have been successful to determine the 
element by a nondestructive technique, i.e., by direct 
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measurement of the activated selenium in the specimen 
by means of a sensitive y-spectrometer coupled with a 
multichannel analyzer. 

Clinical outlook. The results in animals under experi- 
mental as well as field conditions could be taken as 
indication that Factor 3-active selenium compounds 
might have useful applications in the human. We have 
quite intentionally refrained from such applications in 
order to satisfy several preliminary requirements, but 
are now in a position to proceed. One of the prerequisites 
of therapeutical applicability is an adequate margin of 
safety. The ratio between the daily, fully protective 
dose of selenite-selenium fed in the diet, on one hand, 
and the minimum 100% lethal dose when injected 
intraperitoneally, on the other hand, has been estab- 
lished in animals of the same strain and age under iden- 
tical dietary and environmental conditions. It was 
found to be approximately 1:3,000. Thus, even for 
selenite-selenium, the therapeutic margin is unusually 
large; it compares very favorably with that of almost 
all other dietary factors. For active organoselenium 
compounds this ratio is still larger, since these substances 
are less toxic and show greater biopotency. For y ,7’- 
di-seleno-di-valeric acid, a ratio of at least 1:12,000 
has been obtained (Schwarz et al., unpublished data). 

The first clinical application of this compound has 
been attempted in children suffering from kwashiorkor. 
For a number of reasons we have been under the im- 
pression that the commonly accepted interpretation of 
kwashiorkor as a “‘protein malnutrition” disease does 
not fully explain the disease picture. There were several 
findings indicating the possibility that Factor 3, bound 
to and normally associated with protein, may play a 
role. Preliminary trials were carried out by Drs. John 
Waterlow and Robert Montgomery at the Tropical 
Metabolism Research Unit, Kingston, Jamaica. They 
used a type of case which is relatively infrequent and 
which is characterized by very slow weight gains after 
overcoming the initial, acute phase. Two children who 
had not gained weight for 2 and 5 weeks, respectively, 
were given daily supplements of 25 wg of selenium in 
form of y,7’-di-seleno-di-valeric acid. They responded 
immediately with gains of 450 and 660 g over 10-14 
days of treatment; this was accompanied by an increase 
in food intake. The result is presented merely to indicate 
the direction in which we hope to expand our further 
efforts. The finding is very preliminary indeed, but it 
suggests that eventually we may have to add the human 
to the list of species in Table 1 which show Factor 3-selen- 
ium responsive diseases. 


The efficient cooperation of past and present members of the 
Section on Experimental Liver Diseases, LNE, National Institute 
of Arthritis and Metabolic Diseases, National Institutes of Health, 
especially of Dr. Calvin M. Foltz, and of all others associated 
with this work is gratefully acknowledged. 
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Nutritional effects of selenium compounds 
in chicks and turkeys 


M. C. NESHEIM AND M. L. SCOTT 


Department of Poultry Husbandry, New York State Agricultural Experiment Station 
and Graduate School of Nutrition, Cornell University, Ithaca, New York 


Dike IS OF IMPORTANCE in the nutrition of chickens 
and turkeys because of the relationship of selenium to 
certain diseases previously ascribed to a deficiency of 
vitamin E. With proper dietary conditions, three distinct 
deficiency diseases can be produced in young chickens 
that respond to vitamin E supplementation. These are 
called exudative diathesis, encephalomalacia and mus- 
cular dystrophy. Each of these can be produced, uncom- 
plicated by the others, depending on dietary conditions 
used. Other vitamin E deficiency diseases can be pro- 
duced in adult birds which are still different from the 
ones described in the young animal. None of the above 
conditions is an uncomplicated vitamin E deficiency 
since many compounds other than vitamin E affect 
the course of these diseases. The discovery that dietary 
selenium also will prevent some of these deficiency 
diseases has led to extensive investigations of the nutri- 
tional role of selenium in birds. It is the purpose of this 
review to summarize recent findings on nutritional 
effects of selenium in chickens and turkeys. 


Effect of Selenium on Exudative Diathesis 


The nutritional disease in chicks and poults most 
sensitive to dietary selenium supplementation is exuda- 
tive diathesis. The chicks shown in Figure 1 illustrate 
the gross appearance of the disease. This condition, 
first described by Dam and Glavind (9), is characterized 
by an accumulation of fluid throughout the body with 
greatest amounts found under the skin on the breast 
and abdomen. Small hemorrhages are commonly found 
in tissues adjacent to large accumulations of fluid. The 
plasma proteins of chicks with exudative diathesis are 
lowered in concentration and the albumen fraction 
appears to be particularly depleted (17). The exudate 
fluid is usually of bluish color, and similar in composi- 
tion to blood plasma. The proteins of the exudate fluid 
have an electrophoretic mobility similar to the plasma 
proteins of the affected chicks. Changes in permeability 
of the capillary wall to blood proteins may be the cause 
of the widespread edema although the possibility of less 
plasma protein synthesis has been suggested (7, 17). 
Capillaries in chicks with exudative diathesis are more 
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permeable to trypan blue dye than in chicks not having 
the disease (10). 

An anemia has been described in chicks with exudative 
diathesis that has been characterized both as microcytic 
(39) and macrocytic (30). The anemia is probably 
related to the hemorrhages that occur. Dietary factors 
other than vitamin E known to affect exudative diathesis 
prior to the discovery of the effect of selenium have 
been reviewed by Ames (2). 

Exudative diathesis can be produced by feeding 
several types of diets to young chicks, but the most 
severe cases of the disorder are produced on diets con- 
taining a high level of Torula yeast (39). These are 
modifications of the diet which Schwarz (32) reported 
to cause liver necrosis in rats. Probably chicks fed diets 
containing Torula yeast readily develop exudative 
diathesis because (a) these diets are low in selenium or 
at least in available selenium (35), (6) the yeast is high 
in ash and unsaturated fatty acids (5), and (c) the 
yeast may contain a selenium or vitamin E antagonist 
(29), perhaps in the form of pro-oxidants. 

In studies by Scott et al. (39), a large number of 
antioxidants were found to be ineffective against exuda- 
tive diathesis in chicks fed diets containing Torula yeast. 
Several antioxidants had been previously reported to be 
effective against exudative diathesis when diets did not 
contain Torula yeast (11). However, recently a level of 
ethoxyquin higher than used by these workers (0.10%) 
was reported by Machlin and Gordon (20) to be effec- 
tive against exudative diathesis in chicks fed diets con- 
taining Torula yeast. 

The effectiveness of selenium against exudative 
diathesis in chicks was reported simultaneously by 
Patterson et al. (28) and Schwarz et al. (34). Selenium, 
as sodium selenite or in an organic selenium compound, 
seleno-cystathionine, was found to be effective in pre- 
venting exudative diathesis when included in diets at 
very low levels. Patterson et al. (28) found that dietary 
selenium levels of 0.3 mg/kg were completely effective 
against the disease, and Schwarz et al. (34) reported 
that o.1 mg/kg was sufficient. Elemental selenium was 
much less effective against the disease. 

Subsequent to the original studies cited above, the 
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observation that selenium will prevent exudative diathe- 
sis has been confirmed by many investigators (12, 24, 
29, 31), who used diets with several protein sources 
including Torula yeast. All of the manifestations of 
exudative diathesis, including low plasma proteins and 
anemia, are corrected by the addition of selenium to the 
diet (24, 31). 

The data shown in Table 1 illustrate the effectiveness 
of very low dietary selenium levels against exudative 
diathesis. In the study shown here, 0.08 mg Se/kg of 
diet as sodium selenite completely prevented the disease 
and lower levels markedly reduced the _ incidence. 
Minimum added selenium levels required to prevent 
exudative diathesis apparently range from 0.05 to 0.1 
mg/kg of diet, depending on the type of diet used (4, 
24, 30). 

Selenium is probably not stored in a_ biologically 
active form for very long periods of time. Sondergaard 
et al. (40) showed that chicks which received Torula 





FIG. 1. Two chicks with exudative diathesis. Left: Note sub- 
cutaneous exudates and discoloration. Right: Note hemorrhages 
in lower abdominal wall, and older hemorrhage in subcutaneous 
tissue of the neck. 


TABLE 1. Levels of Selenium Effective Against 
Exudative Diathesis* 


Exudative 

Treatment Diathesis 

Basal f 16/16} 
+ 0.02 mg selenium/kg 14/16 
+ 0.04 mg selenium/kg 5/15 
+ 0.06 mg selenium/kg 1/17 
+ 0.08 mg selenium/kg 0/16 
+ 0.10 mg selenium/kg 0/16 


*From Nesheim and Scott (24). + Basal diet contains 
58.5% Torula yeast; selenium levels supplied by Na2SeOs. 
t Expressed as number of chicks showing symptoms (numerator) 
over number of chicks surviving (denominator) until symptoms 
appeared. 
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TABLE 2. Effect of Selenium on Chick Growth in 
Presence of Adequate Vitamin E* 


Average Weight, 


Treatmentf 5 Weeks, gm 
Basal (160 mg/kg d-a-tocophery] acetate) 450(32)f 
+ 0.04 mg selenium/kg 507 (32) 
+ 1.0 mg selenium/kg 522 (32) 


* From Nesheim and Scott (24). t Basal diet contains 
58.5% Torula yeast; selenium levels supplied by Na2SeQs3. 
t Figures in parentheses represent surviving chicks. Duplicate 
groups of 16 White Plymouth Rock male chicks started per 
treatment. 


yeast diets containing 1 mg/kg of selenium for the 
first week of life showed symptoms of exudative 
diathesis approximately one week later than others that 
received the unsupplemented Torula yeast diet from 
hatching. 

Exudative diathesis can be produced in poults by 
feeding diets containing Torula yeast although the 
edema is much less severe than in chicks (6). Dietary 
selenium will prevent all of the manifestations of exuda- 
tive diathesis in this species (30). Levels of selenium as 
low as 0.5 mg/kg were effective against the disease in 
turkeys. 


Effect of Selenium on Growth 


The effect of selenium on growth rate of chickens 
appears to depend on the type of diet fed. 

Using diets containing Torula yeast, Nesheim and 
Scott (24) showed that growth of chicks receiving dietary 
supplements of selenium or selenium plus vitamin E 
grew at a significantly greater rate than chicks receiving 
a high level of vitamin E alone. The data shown in 
Table 2, illustrate the improvement in growth rate 
observed from added selenium when diets containing 
Torula yeast are used. The diet contained a level of 
vitamin E that was 4 to 5 times greater than amounts 
usually needed to prevent exudative diathesis. When 
vitamin E was present, no more than 0.04 mg of selenium 
per kg of diet was necessary for maximum growth. 
Zalkin et al. (41) recently published data indicating an 
improved growth rate of chicks receiving selenium or 
selenium plus vitamin E as compared to vitamin E 
alone, although these authors attributed this to an 
inadequate level of vitamin E used. No indication of 
the levels of vitamin E or selenium supplementation 
studied were included in their paper. Studies by Reid 
et al. (31) indicated that levels of 1 mg of selenium per 
kg or higher depressed chick growth. Lower levels of 
selenium were not markedly growth stimulating when 
chicks were fed diets containing Torula yeast. 

When diets other than Torula yeast are used, there 
have been no reports of growth stimulation from 
selenium. Nesheim and Scott (25) reported that no 
improvement in chick growth rate from dietary selenium 
additions could be obtained using diets containing 
crystalline amino acids as a nitrogen source. Neutron 
activation analysis of this diet indicated that it contained 
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approximately 0.04 mg of selenium per kg. This amount 
of selenium was found to be sufficient for maximum 
growth rate when added to Torula yeast diets containing 
adequate vitamin E. 

The dietary requirement for selenium for growth 
may be so low that the small amount of selenium present 
in highly purified diets for chicks is sufficient. Torula 
yeast diets may contain completely unavailable selenium 
or increase the selenium requirements so that growth 
effects may be demonstrated. Presently, the question of a 
separate growth stimulating effect from selenium com- 
pared to vitamin E is difficult to resolve because of the 
low dietary levels that must be produced. 


Muscular Dystrophy 


Muscular dystrophy in chicks has a very complex 
dietary etiology. To produce muscular dystrophy, chicks 
must be fed diets low in vitamin E and sulfur amino 
acids (13, 22). Addition of either vitamin E, methionine 
or cystine to the diet will prevent symptoms from 
occurring. At least under some conditions antioxidants 
also will prevent muscular dystrophy in chicks (21, 22). 
A relationship between arginine level in diets containing 
casein and incidence of muscular dystrophy also exists 
(26). 

The muscular dystrophy of chicks, first described by 
Dam et al. (13), is characterized by appearance of 
white striations in the muscle on the breast of chicks and 
less frequently on the legs. The gross appearance of 
breast muscles of chicks with muscular dystrophy is 
shown in Figure 2. Diagnosis is readily made on autopsy 
by the grossly visible white striations. The “white” 
muscle of chicks appears to be affected more than the 
“red” muscle (23). In this respect, the muscular 
dystrophy in the chick is similar to that found in the 
rabbit (16). No apparent disability is evident in chicks 
severely affected. At least under certain conditions, the 





FIG. 2. Chicks on left and right show muscular degeneration as 
white striations in breast muscle. The chick in the center shows no 
muscular degeneration and was fed a diet adequate in vitamin E. 
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TABLE 3. Effect of Selenium on Muscular Dystrophy* 


Muscular 
Treatmentt Dystrophy 
Experiment 1 
Basal 19/20 
+ 80 mg d-a-tocophery] acetate/kg 0/21 
+ 1.0 mg selenium/kg 7/21 
Experiment 2 
Basal 13/17 
+ 80 mg d-a-tocopheryl acetate/kg 0/15 
+ 0.1 mg selenium/kg 14/18 
+ 5.0 mg selenium/kg 4/13 
+ 0.40% pDL-methionine 0/17 


* From Nesheim and Scott (24). t Selenium levels sup- 
plied by Na2SeQO3. t Expressed as number of chicks showing 
symptoms (numerator) over number of chicks surviving 
(denominator) until symptoms appeared. 


muscle lesions are spontaneously repaired as the chicks 
get older (unpublished data, Cornell University). 

Histologically, Dam et al. (13) characterized the 
dystrophic muscle as showing marked degenerative 
changes . with perivascular infiltration with “round” 
cells. The dystrophy in the chicken resembles the 
dystrophy of vitamin E deficiency found in guinea pigs 
and rabbits, in histological appearance. 

Dietary selenium has much less effect on muscular 
dystrophy in chicks than on exudative diathesis. The 
experiments presented in Table 3 show that compara- 
tively high levels of dietary selenium, 1-5g/ mkg, will 
reduce the incidence of muscular dystrophy in chicks, 
but does not completely prevent it. A low level of sele- 
nium, o.1 mg/kg, had no effect on the incidence of 
dystrophy in experiment 2 shown in the table. Vitamin 
E and pti-methionine completely prevented the mus- 
cular degeneration. The partial effectiveness of com- 
paratively high levels of selenium against muscular 
dystrophy was also shown by Dam and Sondergaard 
(14). Levels of selenium of 0.1 to 0.5 mg/kg do not appear 
to affect the incidence of muscular dystrophy in chicks 
(4, 24). Apparently, the level of selenium that will 
prevent exudative diathesis in the chick is quite different 
from the level of selenium that will have any effect on 
muscular dystrophy. The relative ineffectiveness of 
selenium against muscular dystrophy in chicks indicates 
that the effect of methionine and cystine in this disorder 
is not due to their selenium contamination. Since levels 
as low as 0.15% added cystine will prevent muscular 
dystrophy with certain diets (38), the amount of sele- 
nium added by the cystine would be very small compared 
to levels necessary for affecting muscular dystrophy. 


Effect of Dietary Selenium on Other Vitamin E 
Deficiency Diseases in Birds 


In addition to muscular dystrophy and exudative 
diathesis, several other vitamin E deficiency diseases in 
chickens and turkeys have been described. 

Encephalomalacia, the first recognized vitamin E 
deficiency disease in chicks (27), is not prevented by 











et 
pre 
fed 


PON - 


p- 


ng 


ks 


he 
ve 
1 hey 
he 
igs 


ar 
he 


ill 
ks, 
le- 


1in 
us- 
m- 
lar 
rd 
ar 
cks 
vill 


‘els 
lar 
‘le- 
red 
hy. 





July 1961 


dietary selenium (12). This disease is characterized by a 
degeneration of the cerebellum of chicks, resulting in a 
peculiar lack of locomotor coordination that has sug- 
gested the name “crazy chick disease” for this syndrome. 
An extremely large variety of compounds with antioxi- 
dant properties can substitute for vitamin E in prevent- 
ing encephalomalacia. 

A lack of vitamin E lowers hatchability of eggs of 
turkeys and chickens. Creger et al. (8) reported that 
sodium selenite had no effect on lowered hatchability 
of turkey eggs when added to diets to supply a selenium 
level of 0.1 mg/kg. Vitamin E was effective under the 
same conditions in markedly improving hatchability. 

Recently Jensen et al. (18) reported that eggs pro- 
duced by hens fed diets containing Torula yeast showed 
low hatchability. Early mortality of chicks hatched from 
these eggs was high. Vitamin E improved hatchability 
and chick viability when given to hens fed this diet, but 
selenium was without effect. 

The enlarged hock disorder of turkeys described by 
Scott (36) does not seem to be affected by selenium 
(unpublished data, Cornell University). Vitamin E has 
been reported to be important in this condition (37). 

Two other reported vitamin E deficiency disorders of 
chickens and poults, testicular degeneration in the 
cock (1) and gizzard myopathy in turkeys (19), have 
apparently not been studied with respect to selenium. 
Recently Ferguson and Couch (15) have described 
degeneration of skeletal muscle in turkeys produced 
under the same conditions that cause muscular dys- 
trophy in chicks. No information was given as to the 
effect of selenium on this condition. 


Effect of Selenium on Lipid O xidation 


At least one important biological role of vitamin E 
is that of a potent biological antioxidant. Recently 
studies have appeared that suggest that vitamin E and 
selenium have related antioxidant properties. 

Bieri (3) reported that in vitro lipid oxidation of in- 
cubated liver and muscle homogenates of chicks, as 
measured by formation of thiobarbituric acid reactive 
products, could be markedly reduced if vitamin E, 
selenium or cystine was included in diets of chicks from 
which tissues were obtained. The direct addition of 
cystine or inorganic selenium to the homogenates did 
not cause reduced thiobarbituric acid values, suggesting 
that these materials do not act directly in preventing 
lipid oxidation. 

These studies were confirmed and extended by Zalkin 
et al. (41) who studied thiobarbituric acid reactive 
products in liver, heart and leg muscle from chicks 
fed Torula yeast diets unsupplemented and _supple- 
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mented with vitamin E or sodium selenite. Chicks fed 
the basal diets showed evidence of thiobarbituric acid 
reactive products in tissues on short incubation, whereas 
these were reduced in chicks supplemented with vitamin 
E and selenium. The thiobarbituric acid values of 
tissues following incubation were highest in basal groups 
and significantly lower in tissues from chicks fed vitamin 
E or selenium. 

Organic selenium and sulfur compounds were found 
to be effective in reducing the initial rate of hemoglobin 
catalyzed linoleate oxidation, whereas sodium selenate 
and selenite were poor antioxidants in this in vitro system. 
As a result of their studies, Zalkin et al. (41) suggest 
that lipid peroxides form in vitamin E deficient animals, 
causing tissue damage characteristic of the deficiency, 
and that dietary selenium compounds lead to the in 
vivo formation of antioxidants capable of reducing lipid 
peroxidation. 

The demonstration of tissue antioxidant activity 
following ingestion of small amounts of selenium, cystine 
and vitamin E provides a possible explanation of the 
similar biological effects of these chemically diverse 
substances. However, this in itself is not conclusive 
evidence that this is the manner in which they function 
to prevent various nutritional deficiency diseases. A 
specific cause and effect relationship between lipid 
peroxidation and deficiency diseases observed has not 
been established. Schwarz (33) has recently discussed the 
relationship of lipid peroxidation to vitamin E and 
selenium function. He considers vitamin E and sel- 
enium to be independent dietary agents which may 
act in alternate pathways of metabolism. The relation- 
ship between vitamin E and selenium may only be an 
apparent one because of the specific deficiency diseases 
that result when simultaneous dietary deficiencies of 
both are produced. The final assessment of the role of 
selenium in intermediary metabolism must await future 
developments in research in this field. 


SUMMARY AND CONCLUSIONS 


The most marked nutritional effect of dietary selenium 
in chickens and turkeys is its effectiveness in preventing 
exudative diathesis. Very low dietary levels are required 
(0.05-0.1 mg/kg of diet). Selenium is not completely 
effective against muscular dystrophy in chicks, and 
levels of selenium that partially prevent muscular dys- 
trophy (1-5 mg/kg of diet) are much higher than the 
levels effective against exudative diathesis. Selenium 
appears to have growth stimulating properties for chicks 
receiving diets containing Torula yeast adequate in 
vitamin E. Selenium has not been found to be growth 
stimulating when other types of diets are used, probably 
since they contain traces of the element. 
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A review of selenium responsive diseases 


of New Zealand livestock 


W. J. HARTLEY AND A. B. GRANT 
New Zealand Department of Agriculture, Wallaceville Animal Research Station, Wellington, New Zealand 


: THE LAST TWO YEARS selenium has become a 
trace element of paramount importance to the economy 
of New Zealand. We have found that it will prevent and 
control several distinct disease entities occurring in all 
classes of livestock. Some of these entities appear to be 
closely related pathologically while others appear 
unrelated. 

It is our intention to give an illustrated description 
of the various disease conditions as they occur in New 
Zealand and to give details of the work we are carrying 
out in an endeavor to control them. Some of the condi- 
tions mentioned have not yet been shown in controlled 
experiments to be responsive to selenium, but they have 
been included in this paper as they have close similarities 
to those which have responded. Some of the data pre- 
sented in this paper has not yet been published and is 
derived from recent selenium field trials (Hartley) and 
selenium pasture analyses (Grant). The main part of 
this paper is devoted to the description of field observa- 
tions and the results of field trials. Thereafter, the 
histopathology of various selenium responsive conditions 
is treated briefly, and the results of selenium analyses in 
tissues and forage are discussed. 


DISEASE CONDITIONS ASSOCIATED WITH MYOPATHY 


Under this heading the following conditions will be 
discussed : 

Sheep: congenital white muscle disease, delayed 

white muscle disease, and white muscle disease in 

hoggets. 

Cattle: white muscle disease in calves. 

Pigs: hepatosis diaetetica. 

Horses: white muscle disease in foals, ‘‘tied up”’ race- 

horses. 

Poultry: exudative diathesis and white muscle dis- 

ease in chicks, and white muscle disease in pullets. 


Sheep 


Sheep are kept outside the year round in New Zealand. 
They are mated in the autumn to lamb in early spring. 
During winter, in addition to grass they may be break 
fed on brassica crops and/or supplemented by home 
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grown, usually legume, hay. At lambing the ewes are 
put on to autumn-saved pasture. Much of the country 
where the selenium responsive diseases occur was 
until recent years largely underdeveloped or “run 
out.” However, following cultivation, seeding with 
improved grasses and clovers, and the liberal application 
of superphosphate, this type of country now produces 
lush spring and autumn growth of clovers. If there is 
excessive rain the pastures grow even more luxuriantly 
and it is usually under these circumstances that the 
conditions responsive to selenium can be expected to be 
most severe. 

Field observations. White muscle disease (WMD) in 
lambs occurs in most areas of the South Island of New 
Zealand, particularly on the stony and silty soils of the 
Canterbury Plains. Isolated outbreaks have occurred 
on the heavier soils, and also on the pumice soils in the 
center of the North Island. White muscle disease in 
hoggets (g-month-old sheep) mainly occurs on the 
heavier soils of the southern part of the South Island. 
Fig. 1 gives a general picture of the distribution of these 
myopathies. 

CONGENITAL WHITE MUSCLE DISEASE. This entity was 
first recognized in 1958 when it was responsible for 
heavy neonatal losses of lambs in parts of the South 
Island (8). It has also been observed on the pumice 
soils in the center of the North Island. Affected lambs 
are either born dead or die within 24 hr of birth. Sudden 
exertion such as running or suckling often brings on 
severe respiratory distress followed by death. 

Post mortem examination in the majority of cases, 
shows a marked excess of clear straw colored fluid, 
often with strands or sheets of fibrin, in all serous cavities, 
together with an enlarged congested liver. The heart 
shows mild to most severe subendocardial focal or 
diffuse grayish white discolorations which extend up to 
I mm into the myocardium. Sometimes the subepicardial 
myccardium is also involved. These lesions are usually 
present in one or both ventricles and are seen, in some 
cases, also in the auricles. Only on rare occasions is the 
skeletal musculature involved. 

(DELAYED) WHITE MUSCLE DISEASE. This condition has 
been recognized in New Zealand for 10 -yr (10, 11) 
and undoubtedly occurred prior to this. The incidence 
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TABLE 1. Effect of Selenium and Vitamin E Therapy 
on Neonatal Lamb Mortality 


Ewe Treatment 


White muscle Other causes 


disease 
Selenium 20 20 
Vitamin E 54 25 


Untreated 41 18 





varies greatly from season to season and also between 
mobs of ewes and lambs on the one property in the one 
year. The disease apparently develops after birth and is 
seen in lambs of a few days of age up to 3 months of age; 
it occurs predominantly between 3 and 6 weeks after 
birth. The majority of outbreaks are seen at pasture and 
are apparently unassociated with excessive exercise. On 
some properties, however, where there have been a 
few cases in lambs at pasture, driving has precipitated 
a severe outbreak. 

The post mortem findings in this entity have previously 
been described in detail (10, 11) and differ in no way 
from those reported in the U.S.A. and elsewhere, as 
outlined and illustrated in the following paper.! 

WHITE MUSCLE DISEASE IN HOGGETS. This disease has 
been known as a Clinical entity in the southern half of 
the South Island for many years: however, it was not 
recognized as a specific myopathy until 1950 (11). It 
occurs in g-to 12-month-old sheep which have been 
wintered for from 3 to 5 months on turnips and swedes. 
In some seasons, particularly when the climatic condi- 
tions are cold and wet, numerous mobs of sheep develop 
the disease following driving. The signs of WMD come 
on quite suddenly, either during or following driving, 
with rapidly developing listlessness, stiffness, inability 
to stand, prostration and in the more acute cases death 
within 24 hr. Less acutely affected animals may be 
recumbent for 3 or 4 days followed either by death or 
gradual recovery. Many acutely affected hoggets pass 
a red-brown colored urine. 

The lesions of WMD in many acute cases are not 
always readily detectable on post mortem examination. 
Affected musculature is paler than normal with a ten- 
dency to be dry and granular in appearance and in 
some cases yellowish pink longitudinal striations are 
visible. In most cases the subcutaneous and body fat 
has an obvious pink discoloration. WMD lesions are 
seen in the hearts of the more chronic cases. 

Field trials. CONGENITAL WHITE MUSCLE DISEASE. When 
this disease was first recognized and in such serious 
proportions an immediate attempt was made to control 
the losses in those ewes yet to lamb (6). Three groups of 
400 ewes 1-3 weeks off lambing were treated as follows: 
1) 5 mg Se as sodium selenate given once by mouth; 
2) 300 mg dl-a-tocopheryl acetate given once by mouth; 
3) controls. 

All lambs born dead or dying within a few days of 


! For references see J. R. Schubert et al., this symposium. 
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birth were examined for the presence of WMD. Table 1 
shows that selenium given at such a late stage signifi- 
cantly reduced the losses from congenital WMD while 
a-tocopherol had no beneficial effect. Subsequent trials 
concerned with the prevention of congenital WMD 
are recorded later in this paper in the section dealing 
with ewe infertility. 

(DELAYED) WHITE MUSCLE DISEASE. During the same 
year as the above trial we investigated the protective 
action of selenium and a-tocopherol on properties where 
the delayed form of WMD had occurred the previous 
year (6). On each property lambs were divided into 
three equal groups when from 2-3 weeks of age. One 
group received 1 mg selenium either by mouth or by 
subcutaneous injection, 1 group received 300 mg dl-a- 
tocopheryl acetate and one group served as control. 
Table 2 shows that a-tocopherol greatly reduced the 
incidence of WMD, while selenium almost completely 
prevented it. 

WHITE MUSCLE DISEASE IN HOGGETS. A controlled trial 
carried out in 1954 (11) showed that drenching of 
hoggets with 500 mg a-tocopheryl acetate at 14-day 
intervals over a period of 3 months protected them 
from the development of myopathy following driving. 
During the last 2 years several controlled selenium 
trials have been carried out on properties affected with 
hogget WMD in previous years. Unfortunately insuffici- 
ent numbers of sheep have become affected to evaluate 
the possible protective action of selenium. 


Cattle 


In New Zealand, dairy cows are kept out of doors 
the whole year round. They are mated in early summer 
to calve down in late winter. Their basic diet consists 
of lush rye grass and white clover pasture, supplemented 
in summer and winter with home grown silage, hay 
and brassica crops. Beef cattle are largely confined to the 
North Island and are run in conjunction with sheep 
in order to help to control the spring and autumn 
flush of pasture. Beef cows calve down about 2 months 
later than the dairy cows. 

Field observations. WHITE MUSCLE DISEASE IN CALVES. 
This entity has been recognized at a low incidence in 
beef calves on not more than six pumice properties in 
the North Island, on all of which WMD also occurs in 
lambs. No cases have so far been reported in calves in the 
South Island, probably due to the fact that few cattle 
are raised on the improved pastures in conjunction with 
sheep in that Island. Calves are affected at from 1 to 4 
months of age, they rapidly become lethargic and stiff, 
followed by recumbency and death in severe cases. 
Occasional sudden deaths have occurred during muster- 
ing. One outbreak occurred on a North Island sand 
country farm in a small group of dairy heifers which 


TABLE 2. Cases of White Muscle Disease 
Selenium Groups Vitamin E Groups Controls 


2 21 50 
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were being liberally dosed with cod liver oil. Post 
mortem findings differ in no way from those observed 
and reported in the U.S.A. and elsewhere. 


Pigs 

Most of the pigs in New Zealand are kept on dairy 
farms where they utilize the by-products of the butter 
and cheese industries. Their basic diet is whey and skim 
milk with various cereal supplements. 

Field observations. HEPATOSIS DIAETETICA. During the last 
3 yr this condition has been recognized in at least 20 
piggeries scattered throughout both Islands (W. J. Hartley 
and R. M. Salisbury, unpublished data). Most, but not 
all, outbreaks have occurred in areas where selenium- 
responsive diseases are seen in sheep and most have 
occurred in the period of May to October. Outbreaks 
have been seen in piglets from 6 to 14 weeks of age 
mostly occurring either just prior to weaning or shortly 
after transference to fattening pens. Losses have varied 
considerably; in some instances up to 50 % of susceptible 
litters have succumbed. In two big piggeries the losses 
continued over several months. On most affected pro- 


- perties the diet consisted of either whey or skim milk 


supplemented with barley meal and usually included 
cod liver oil, sometimes in liberal amounts. Several 
outbreaks have been complicated by salmonellosis. 
Clinical signs are seldom seen, animals usually being 
found dead. When seen alive affected pigs are lethargic, 
they rapidly become prostrate and show labored breath- 
ing. In one outbreak affected animals showed stiffness, 
trembling and ataxia (5). Post mortem findings are 
quite characteristic. In some cases there is a generalized 
subcutaneous edema and in occasional cases the carcass 
is jaundiced. Skeletal musculature is sometimes paler 
than normal. In almost all cases there are copious 
amounts of clear straw colored fluid often with strands 
of fibrin in body cavities and sometimes edema of the 
mesentery. Liver lesions are a constant finding. In the 
peracute cases the liver is enlarged, congested and 
friable, with a mosaic appearance consisting of groups 
of bright red lobules. In other cases the mosaic appear- 
ance is more colorful, some groups of lobules being 
dark red, some bright red and others pale pink. In 
older standing cases, in addition to the focal multi- 
lobular lesions, there may be extensive focal fibrosis 
and fissures. In about 50% of cases the heart shows 
multiple minute white longitudinal streaks scattered 





TABLE 3. Selenium in Control of Exudative Diathesis 
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NUTRITIONAL SIGNIFICANCE OF SELENIUM 681 


throughout the myocardium. The lungs show congestion 
and edema. 

Field trials. No controlled field trials have been carried 
out. However, except where salmonellosis has been a 
complicating factor, losses have ceased a few days after 
discontinuing the feeding of cod liver oil and giving the 
piglets 5 mg of selenium orally. Losses have also been 
controlled by selenium administration when no cod 
liver oil was being fed. 


Poultry 


The poultry industry is expanding rapidly in New 
Zealand and is run on similar but less intensive lines to 
that in other countries. New Zealand is not self support- 
ing in wheat and most of the grain produced is grown in 
the South Island. We thus tind that the South Island 
poultry feedstuffs contain South Island wheat, whereas 
those in the North Island contain imported Australian 
wheat. 

Field observations. EXUDATIVE DIATHESIS AND MYOPATHY 
IN CHICKS. This was first recognized as a specific entity 
in chickens in 1951 (18). In that year all outbreaks 
occurred in the South Island of New Zealand and were 
associated with the inclusion of spoiled, South Island 
grown wheat in the diet. On many farms cod liver oil 
was also fed. From 1952 to 1959 only sporadic cases of 
exudative diathesis (ED) were reported; however, in 
1960 many outbreaks were seen in the South Island and 
all were associated with South Island grown wheat. This 
year the grain was not spoiled and no cod liver oil was 
added to the diet. 

Most outbreaks occur in chicks between 3 and 6 
weeks of age. They become dejected, lose condition, 
show leg weakness, and the badly affected ones become 
prostrate and die. Invariably they show a red or greenish 
blue discoloration and swelling of the subcutaneous 
tissue, particularly under the wings and down the 
thighs. In a few outbreaks ED was also associated with 
nutritional encephalomalacia. Post mortem examination 
shows generalized subcutaneous blood stained edema, 
pale musculature and sometimes large pale areas in the 
gizzard musculature. 

WHITE MUSCLE DISEASE IN PULLETS. During 1960 several 
outbreaks of WMD in 4-6 months old pullets were 
recognized in the South Island (R. M. Salisbury, and 
W. S. H. Poole, personal communication). Affected 
birds become listless, show a diminished appetite, loss 
in weight and decreased egg production. On post mortem 
examination the breast musculature is much paler than 
normal and contains many white longitudinal striations. 

Field trials. EXUDATIVE DIATHESIS. Trials reported in 
1953 showed that the addition of a-tocopherol to the 
diet greatly reduced the incidence of this disease (18). 
During 1960 a controlled trial was carried out on a 
Departmental poultry farm using an implicated South 
Island, ED-producing ration (R. M. Salisbury, and 
W. S. H. Poole, personal communication). Three groups 
of 100 4-day-old chicks were given the following treat- 
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ments: 7) control ration of high quality; 2) South Island 
ED ration; 3) South Island ED ration with selenium. 
The selenium was given as sodium selenate equivalent 
to 15 mg of selenium per gallon of drinking water, 
intended to be given for 1 day only. By mistake the 
chicks actually received it for 3 days. It is seen (Table 3) 
that the addition of selenium almost completely pre- 
vented ED (the reduced weight gain in the selenium 
group can be explained by a combination of apparent 
mild selenium toxicity and an outbreak of black head). 
Several controlled treatment trials have been carried 
out subsequently on properties experiencing outbreaks 
of ED. In every case 15 mg of selenium added to 1 
gallon of drinking water for 1 day immediately con- 
trolled the disease and many clinically affected birds 
made a rapid recovery. 


Horses 


The two conditions about to be described are not 
definitely known to be responsive to selenium administra- 
tion, as, for obvious reasons, it is impossible to carry 
out controlled trials with thoroughbreds. However, they 
have features in common with the myopathies already 
described and veterinarians claim that selenium is 
useful both for prevention and treatment. In New 
Zealand, thoroughbreds, except while in training, are 
kept in the main on pasture. The brood mares foal in the 
spring and early summer and they run with their 
offspring on lush rye grass and clover pastures. Little 
or no supplementary feed is given to the mare or foal. 

Field observations. WHITE MUSCLE DISEASE IN FOALS. This 
condition has been recognized in several large thorough- 
bred studs in the North Island (4, 11). Unaccountably 
it has occurred only on the heavier type of soils and in 
areas where selenium responsive diseases in sheep and 
calves have not been reported. It occurs during spring 
and summer in suckling foals from a few days to 5 
months old, running with their dams at pasture, and is 
apparently unassociated with excessive exercise. 

Foals may be affected with WMD from 3 days to 5 
months of age. Clinically they show rapidly developing 
dejection, increased respiration, stiffness of gait, inability 
or unwillingness to suckle, prostration and death within 
1-7 days. Some mildly affected ones recover spontane- 
ously. Many affected animals show a_ pronounced 
painful swelling of the subcutaneous tissues particularly 
beneath the mane but also over the gluteals and in the 
inguinal region. Many cases show salivation associated 
with extensive desquamation of the epithelium of the 
tongue and some show a board-like firmness of some 
muscles. The urine may be coffee-colored. On post 
mortem examination there is a bilaterally symmetrical 
palor of groups of skeletal muscles together with swelling 
and yellow-reddish-brown discoloration of subcutaneous 
and body fat. 

““TIED-UP”’ RACEHORSES. This condition is quite com- 
monly seen in thoroughbreds in New Zealand. It occurs 
during training in horses on high carbohydrate diets and 
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TABLE 4. Empty Ewe Incidence and Congental 
White Muscle Disease 


Total No. 


Congenital WMD Properties 


10 10-30 30 
Present 21 3 8 10 
Absent 16 12 4 | oO 


TABLE 5. Lambing Data—3 Trial Farms, Rotorua-Taupo Area 


Lambing % Empty Ewe % WMD % 
Owner . = eee |_——_______ 
Control Se (Control Se {Control Se 
Evans 70.5 | 93:0 | 20.1 | 6-4 | 12.9 rc) 


7-5 |37-5| © 
| 22.2 0 


Carrington 60.6 | 94.9 | 31.1 
Dick 53-8 | 92.5 


is associated with exercise following a spell of a few days 
on full rations. It is characterized by shivering, dis- 
inclination to move, muscle stiffness and tenderness and 
in some cases the passage of a dark red-brown urine. 


INFERTILITY IN SHEEP 


Field observations. In some areas experiencing white 
muscle disease in lambs, particularly the congenital 
form, there is in some seasons an associated barren ewe 
problem. Table 4 analyzes the incidence of barren ewes 
in 1958 on 37 South Island properties which had ex- 
perienced congenital and/or delayed WMD in lambs 
the previous year. It is seen that of the 21 properties 
once again experiencing WMD in 1958 almost half had a 
barren ewe incidence of over 30%. On most affected 
properties the ewes are in good condition at mating and 
the exact cause for the barrenness is not known; ewes 
are served and apparently conceive but do not produce 
a lamb at term. Ewes barren one year and treated with 
selenium the next have produced close to 100% of 
lambs. 

Field trials. In 1959 controlled selenium trials were 
carried out on 11 properties which for several years 
previously had experienced abnormally low lambing 
percentages (12). White muscle disease had occurred 
in lambs on all properties, and on at least three there 
existed a severe form of selenium responsive unthriftiness 
and mortality in lambs. On these farms half of the trial 
ewes (from 100 to 500) were given 5 mg selenium as 
sodium selenite by mouth at monthly intervals from 1 
month prior to mating until just before lambing. The 
control ewes were separated from the dosed ones at 
lambing. All dead lambs in both groups were subjected to 
a detailed post mortem examination with particular refer- 
ence to the presence of WMD. Table 5 gives the results of 
the three trials carried out on North Island pumicesoils. It 
showsthatselenium greatly increased thelambing percent- 
age, this being largely due to a reduction in the number of 
barren ewes. The lamb mortality up to tailing (3 weeks) 
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in the three groups varied from 11 to 14% in those dosed 
with selenium and from 15 to 23% in the controls. 
Table 5 also shows that selenium completely prevented 
the development of congenital WMD (no delayed type 
occurred in these trials). In approximately half of the 
cases the WMD lesions were probably not sufficiently 
severe to account for the death of the lamb. Similar, 
though less spectacular results were obtained for the 
eight trials carried out on the South Island farms. 
Some interesting data were obtained from uncon- 
trolled trials carried out in the same season on 14 re- 
cently settled contiguous pumice farms (Dick’s farm in 
Table 5 was on this block of country). On six of these 
properties 5 mg Se was given once only to half the 
ewes 2-4 weeks before mating, on one property all the 
ewes received 249 mg Se once only prior to mating, and 
on seven properties no selenium was given. Table 6 
gives the lambing percentages for the various groups and 
includes those for the farm on which the controlled 
trial was carried out. This table also includes the lambing 
percentages for the previous two seasons and also for the 
1960 season—the first year of general selenium adminis- 
tration. The results for this uncontrolled trial showed 
that one dose of selenium given prior to mating appar- 
ently substantially increased lambing percentages: 
however, it may not have prevented congenital WMD. 
As monthly administration of selenium is impracticable 
under New Zealand farming conditions and in view of 
the results obtained from the uncontrolled trials re- 
ported in Table 6, more detailed investigations were 
carried out in 1960 to ascertain a more practicable and 
yet still effective method of selenium dosing. This trial 
was carried out on a large, state owned block of country 
bordering on the block referred to in Table 6. This land 
was being developed from virgin scrub and for the past 
2 yr had had lambing percentages of 36 and 46%; it 
also had a selenium responsive unthriftiness in lambs. 
The ewes used in this trial had had two crops of lambs 
on the property. They were divided into six even groups 
of 200 and subjected to the following treatments: 1) 5 
mg Se by mouth monthly from 1 month prior to the 
commencement of mating till just prior to lambing. 
2) 5 mg Se 1 month prior to mating, repeated 2 months 


TABLE 6. Lambing Percentages on Oruanui Block, Waurakei 
Average Lambing %—1959-60 (15 Properties) 








Pre-Tupping Ewe Treatment 
No. of Properties | — se a taaes 








No Se Half Se All Se 
7 | 52.2 
|  (35-0-74.0) 
6 | 72.4 
| (61 .5-77.0) 
I | [> ORE 
Trial farm | 53-8 | 92.5 


Avg lambing % 11 properties, 1957-58 66.2 (31-86) 
Avg lambing % 15 properties, 1958-59 81.2 (60-97) 
Avg lambing % 7 properties, 1960-61 100.0 (86-108) 
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TABLE 7. Effect of Selenium on Ewe Fertility at Taupo 
(200 Ewes/Group) 


Lambing % Congenital WMD Barren Ewe % 


Treatment At Docking % Incidence Incidence 
5 mg Se monthly 116 oO 4 
5 mg Se 3 times 112 oO 2.5 
5 mg Se once 118 12 5 
25 mg Se 3 times 108 ce) 3 
25 mg Se once 117 oO 3 
Controls 74 16 30 


later and 1 month prior to lambing. 3) 5 mg Se once only 
1 month prior to mating. 4) 25 mg Se 3 times as in 
group 2. 5) 25 mg Se once as in group 3. 6) Controls. 

The 1,200 ewes were mated and run together until 
just before lambing when they were divided into their 
respective groups and lambed separately. It is seen 
(Table 7) that all selenium treatments substantially 
increased the lambing percentages and that there was 
no significant difference between treatments. Although 
the incidence of congenital WMD was very low, it was 
evident that 5 mg Se, given once only, was insufficient 
to prevent it. 

In all the ewe fertility trials described in this paper 
the ewes, at the commencement, were in average to 
good condition. However, at lambing the dosed ewes 
appeared to be more thrifty, produced more milk and 
had heavier and livelier lambs than did the controls. 
Further, ewes dosed with selenium produced up to 2 |b 
(20%) more wool. 


SELENIUM RESPONSIVE UNTHRIFTINESS IN LIVESTOCK 
Sheep 


Failure to thrive is probably the most important cause 
of wastage in the New Zealand sheep industry. Although 
some of the unthriftiness is directly associated with under 
feeding, most of it occurs in young stock grazing on 
abundant, apparently good quality pasture. Known 
causes of unthriftiness are cobalt deficiency and internal 
parasites. However, it is commonly accepted that these 
entities account for only a small part of the unthriftiness 
experienced. A further type of unthriftiness termed 
‘“autumn-flush hogget illthrift’”? is seen in the North 
Island on pastures stimulated by warm early autumn 
rains (1). Accumulating information suggests that much 
of the previously unclassified unthriftiness in lambs, 
other than the ‘“‘autumn-flush hogget illthrift,” responds 
to selenium administration. 

Field observations. SELENIUM RESPONSIVE UNTHRIFTINESS 
IN YOUNG SHEEP. This condition typically occurs on 
improved farms situated on light, readily leached types 
of soil, e.g., stones, silt, sand and pumice, and rarely 
on the heavier soils. Fig. 1 outlines the main areas in- 
volved; from this it will be seen that, in addition to 
occurring in lamb WMD areas, selenium response 
unthriftiness (SRU) also occurs in areas where WMD 
has not been recognized. Although SRU is largely 
confined to lambs and hoggets, in some areas and in 
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FIG. 1. Distribution of selenium responsive myopathies in New 


Zealand. 


TABLE 8. Effect of Selenium on Lamb Unthriftiness 
(Rotorua- Taupo) 


No. Deaths 


Lambs 
Location Per Ra en : PaaS ee 

ied Control — Control | Selenium 
1. Rerewhakaaitu 25 13 8 5-9 Il. 
2. Reporoa 25 5 I 21.8 29.6 
3. Reporoa 25 15 2 4.8 15-6 
4. Broadlands 25 3 I 14.1 25-1 
5. Wairakei 21 2 2 19.2 22.3 
6. Wairakei 20 8 I 10.3 14-5 
7. Wairakei 36 5 I 12.8 20.7 
8. Wairakei 24 4 oO 9 17.8 

Totals 201 55 16 


some seasons adult stock are also involved. On affected 
country lambs may thrive until 2 or 3 months of age, 
they then stop growing, lose weight, become dejected, 
stop eating and die. The wool of affected lambs loses its 
character and some sheep develop a diarrhea. Deaths 
from SRU continue throughout the summer and autumn 
but usually cease by midwinter. 

Lambs with SRU on post mortem examination show 
advanced emaciation and soft brittle bones. In some 
cases the remaining fat is yellow in color and many 
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carry a very high gastrointestinal worm burden. Affected 
lambs produce less wool (up to 30%) of poorer quality 
than do the selenium dosed ones. When WMD and 
SRU occur on the same property in one season, un- 
thriftiness usually does not become apparent for several 
weeks and sometimes months after the myopathy. 

Field trials. SELENIUM RESPONSIVE UNTHRIFTINESS IN 
LAMBs. Trials carried out in unweaned thrifty lambs 
showed that selenium had a significant growth promoting 
effect (16). A similar, but more pronounced effect was 
obtained when selenium was given to lambs in flocks 
where there was a severe form of unthriftiness and 
mortality (7, 13). Table 8 gives the results of trials 
carried out on eight badly affected North Island pumice 
properties. Altogether in the 1958-59 season 33 con- 
trolled trials were carried out on unthrifty weaned lambs 
in the central and southern part of the North Island and 
in 22 of these a statistically significant weight gain was 
obtained in the selenium-dosed groups. In these trials 
5 mg of Se as selenate or selenite was given monthly 
by mouth. 

During the 1959-60 summer the New Zealand De- 
partment of Agriculture organized a dominion-wide 
survey to ascertain the distribution of SRU in lambs. 
Two hundred and seventy-four trials, approximately 
equally divided between both Islands, were carried out 
mostly on unthrifty weaned lambs on all classes of soils. 
The results of this survey show that there was a sta- 
tistically significant response to selenium on 43 % of the 
South Island properties and 14% of the North Island 
ones (P. B. Lynch, and T. G. Robertson, personal 
communication). Most of the responses to selenium 
occurred on the light soil types; however, a few occurred 
on the heavier soils, but none on peat. This survey is 
being repeated this summer. 

Recent and current selenium trials have been designed 
primarily to ascertain an effective, safe, and at the same 
time convenient, method of selenium administration. 
Up to the present all our trial work has been concerned 
with individual dosing of selenium either by the oral or 
subcutaneous routes. Application of selenium to pasture 
will be investigated next season. One detailed series of 
trials has been carried out on the North Island pumice 
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FIG. 2. Effect of selenium dosage on unthrifty lambs (pumice 
soil, North Island). 
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soils—where there is a barren ewe problem, and WMD, 
and a serious SRU in lambs—and the other on the 
North Island coastal sand where there is no barren ewe 
problem, and no WMD, but a serious SRU problem in 
lambs. 

The trials on the pumice have shown that: 

1) Lambs born from selenium-dosed ewes 
faster than those born from undosed ewes. 
Lambs born from selenium-dosed ewes and them- 
selves dosed at tailing (2-3 weeks) grew faster than 
those similarly treated but born from undosed 
ewes, 
Lambs responded equally to monthly doses of 
1.25, 2.5 and 5.0 mg Se given either by the oral or 
subcutaneous routes. 


grew 


to 


Go 
ZS 


4) Monthly dosing gave slightly better growth rates 
than 3 monthly dosings (Fig. 2). 
5) Ten and twenty milligrams of selenium given 


monthly by mouth had an apparent slight toxic 
effect as evidenced by decreasing growth response. 
The trials on the sand have shown that: 
1) Lambs responded only slightly to oral selenium 
from tailing (30/8/60 to 27/10/60). However, 
during November and December—the period of 
maximum pasture growth—there was a marked 
response. 
Five milligrams of selenium given orally at tailing 
(30/8/60) and repeated at weaning (25/11/60) 
and shearing (17/2/61) resulted in a weigth gain, 
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TABLE Q. Effect of Selenium on Lamb Unthriftiness—1g60-61 


Selenium Treatments % Mortality 


| Average Total } 
From Unthrift 


> | Wt. Gain, Ib 











Docking 30/8 |Weaning 25/11/ Shearing 17/2 | 30/8-17/3 25/11-17/3 

I. 5 mg monthly from 30/8 42.2 o 
2. 5 mg 5 mg | 5 mg | 44-4 o 
> ims |} «mg | Img 40.6 o 
“ 5 mg | 5 mg 40.1 o 
5: 5mg | 38.7 Oo 
. we. | 1 35-5 5 
i 


| 33-0 | 40 


| 
| 





ORAL SELENIUM DOSE RATE TRIAL IN LAMBS (25/GROUP), FLOCK HOUSE 
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FIG. 3. Effect of selenium dosage on unthrifty lambs (sandy 
soil, North Island). 
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Fic. 4. Growth effect of selenium on unthrifty calves (pumice 
soil, North Island). Upper curve: 10 mg selenium monthly by 
mouth. 


up to 17/3/61, identical to that obtained from 
5 mg of selenium given orally at monthly intervals 
from tailing, and slightly better than that ob- 
tained from 1 mg selenium given orally at tailing, 
weaning and shearing (Table 9). 

3) There was no difference in growth response to 

dose levels of selenium between 0.63 and 5.0 mg 

when given by mouth at 14-day intervals, and no 
difference between 5 mg monthly and 5 mg fort- 

nightly. One oral dose of 10 mg produced a 

satisfactory growth response for 18 weeks (Fig. 3). 

Weaned lambs responded equally for 14 weeks to 

one oral or subcutaneous dose of selenium at 

levels from 0.63 to 5.0 mg. 

5) 300 mg dl-a-tocopheryl acetate given either by 
mouth or by subcutaneous injection at monthly 
intervals for 3 months did not give a weight gain 
above that of the undosed selenium responsive 
controls. 


A 
wa 


Cattle 


Unthriftiness in cattle is widespread in the North 
Island but is not such an important cause of wastage 
as it is in sheep. Cobalt and copper deficiency and 
parasitism apparently play only a limited part in the 
causation of the problem. 

Field observations. SELENIUM RESPONSIVE UNTHRIFTINESS 
IN CATTLE. In some seasons, particularly those associated 
with lush growth, dairy calves situated on the coastal 
sandy soils and stony soils of the south of the North 
Island and beef and dairy calves on the central pumice 
soils may show a severe and rapidly progressive form of 
unthriftiness which is usually associated with a profuse 
diarrhea. This condition largely occurs in the autumn 
and winter months and on some farms may be associated 
with a heavy mortality. Occasionally similar outbreaks 
occur in adult cattle. 

Field trials. SELENIUM RESPONSIVE UNTHRIFTINESS IN 
CATTLE. Initial field trials (Fig. 4) have shown that 
diary and beef calves on pumice soil respond to selenium 
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administration (14; Hartley, unpublished observations). 
These trials have been extended to find the smallest 
dose given at the longest interval which is necessary to 
produce satisfactory weight gain. Preliminary results 
from our current trial suggest that a subcutaneous 
injection of 20 mg Se given every 4 months may be 
sufficient. 


PARADONTAL DISEASE OF SHEEP 


This disease is an important cause of unthriftiness and 
losses in some areas of New Zealand (g, 17). It is in- 
cluded in this paper in view of its apparent association 
with proven selenium responsive diseases. The pathology 
of paradontal disease has been described in detail (15). 
Briefly, there is loosening and shedding of permanent 
premolars and molars and sometimes also of incisors, 
associated with extensive paradontal fibrosis and some- 
times with gingival and alveolar infection. 

One of us (WJH) recently carried out a limited survey 
of farms where paradontal disease had been a serious 
problem. On the majority of properties it was found that 
SRU or WMD in lambs or ewe infertility had also 
occurred and that, on the properties where selenium 
had been given to the ewes, the disease had virtually 
disappeared. Long term trials are in progress to ascertain 
if selenium will protect ewes from the disease. 


LABORATORY INVESTIGATIONS 


Selenium determinations. Two fluorometric methods for 
the determination of micro amounts of selenium in plant 
and animal tissues have been developed in New Zealand 
(2, 19). Both have recently been modified (F. B. Cousins, 
personal communication; A. B. Grant, personal com- 
munication). 

Selenium content of organs from sheep affected with selenium 
responsive diseases. Livers and kidneys have been examined 
from lambs affected with the delayed type of WMD 
and have been shown (Table 10) to contain significantly 
less selenium than those from unaffected lambs (3). In a 
few samples analyzed to date, the same workers have not 
been able to demonstrate a significant difference in 
selenium levels between undosed selenium responsive 
unthrifty lambs and undosed nonselenium responsive 
unthrifty lambs, nor between hoggets affected with 
WMD and normal hoggets. Large numbers of organs 
from all conditions referred to in this article are in cold 
storage awaiting analysis. 


TABLE 10. Selenium Content (ppm) of Tissues From 
White Muscle Disease Lambs 








Normal WMD 
Kidney (16) Liver (13) Kidney (16) Liver (15) 
Mean Se 2.22 0.28 1.13 0.18 
conc 
Range 0.13-0.54 | 0.90-1.50 | 0.07-0.29 


1-2°3.6 
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TABLE 11. Selenium Uptake of Mixed Pasture 
Fertilized With Selenium 
Rate of Application, 0z/acre 
stig Period— eins jah ae ha ee ea 
rer Te yy ee Application to I 2 a 8 16 32 
Applied As: Sampling | bea Bic j 
Se content of pasture (ppm) 
Sel 6 weeks (5.9 11.6 28.0 70.1 169.0 360.0 
pinscaniel 10 months |0.17/ 0.27; 1.0 | 1.09) 2.6 | 7.2 
; ; 6 weeks 1.1 | 2.8 | 5.0 | 9:0’! 11.5 | 20.6 
Selenite 


10 months |0.23 0.31) 0.21 0.21) 0.45) 0.92 





Selenium content of pasture. Many pasture samples have 
been collected both from properties affected and un- 
affected with SRU in lambs. Preliminary results indicate 
that SRU pastures from North Island trials are in 
general much lower in selenium (<0.03 ppm Se) than 
those from unresponsive pastures (0.03-0.14 ppm Se). 
No apparent correlation, however, exists for South 
Island pastures. Samples taken from a small number of 
South Island WMD pastures show selenium levels 
between 0.02 and 0.05 ppm Se. 

Selenium uptake of mixed pasture following application of 
increasing rates of selenium. Selenium at concentrations 
from 1 oz to 2 lb per acre, as sodium selenate and selenite, 
was applied to plots on a closely grazed mixed pasture— 
presumed to be selenium unresponsive—at Wallaceville. 
Table 11 indicates the selenium levels after 6 weeks and 
10 months. 

Trials carried out on a selenium responsive property 
on the North Island pumice showed that there is a 
differential selenium uptake between common pasture 
species following application of varying concentrations 
of inorganic salts. White clover took up amounts of 
selenium considerably less than the grasses. (E. B. 
Davies, and J. H. Watkinson, personal communication.) 


HISTOPATHOLOGY 


A comprehensive series of specimens has been taken 
from all the selenium-responsive and allied myopathies 
discussed in this paper. The tissues have been fixed in 
10% formalin, routinely stained with hematoxylin and 
eosin and as the occasion demanded, by Kossa’s method 
for calcium, van Gieson’s method for fibrous tissue, 
Mallory’s phosphotungstic acid hematoxylin method for 
muscle and Wilder’s method for reticulum. As_ the 
histological picture in all the above described diseases 
is similar, a description of the lesions will be given 
under the organs or tissues affected. Table 12 gives an 
assessment of the extent of the myopathy in the various 
entities. 

Skeletal muscle. In the peracute cases of myopathy, 
there is commonly a universal massive coagulative 
necrosis of muscle fibers with fragmentation which is 
often segmental. This stage is followed by lysis of the 
necrotic fiber or by calcification, the latter often appar- 
ently starting in the myofibrils. At a later stage there is 
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TABLE 12. Specific Myopathies of N. Z. Livestock 
Responsive to Selenium 








Distribution of Lesions 





Myo-necrosis Hepatic a 
nema — Steatitis) Diath- 
\Cardiac Skeletal °~* esis 


Sheep 





Congenital WMD Po oe ee ee 
Delayed WMD | ++ | ++ Es Sas re 
Hogget WMD } + | ++ ts a ss 
Cattle 
Calf WMD pe shat = a 
| | 
Pigs ' | 
Hepatosis Dietetica + | + | ++ a a 
Horses | | 
Foal WMD | fess | ++ see +|- 
Poultry 
Chick ED ;}—- | + = = ae 
Pullet WMD | — | + = au. ac 





extensive sarcolemmal nuclei proliferation and _ later 
still regeneration of muscle fibers. In some cases one 
muscle may show relatively oldstanding lesions while 
another may show very recent lesions. Further, it is not 
uncommon in some entities to see recent and old lesions 
in the same section of muscle. The muscle lesions in ED 
differ in no way from those described above except that 
calcification is usually not extensive and that, in the 
acute cases, there is often extensive interstitial edema, 
congestion and sometimes hemorrhage. The gizzard 
musculature shows similar lesions to those seen in the 
skeletal musculature. 

Skeletal muscle lesions indistinguishable from those 
described above have been seen in isolated cases of 
several other totally unrelated specific disease entities in 
which the myopathy has been an incidental and un- 
expected finding. 

Cardiac muscle. In recent severe cases the microscopic 
lesions consist of extensive areas of, usually, subendo- 
cardial (lambs and calves) or focal disseminated (pigs) 
coagulative myonecrosis. Purkinje fibers are usually, 
but not invariably spared. Most cardiac lesions appear 
to be of the same duration. In older cases the affected 
musculature may either become calcified or lyse and be 
replaced by macrophages and fibroblasts. In very 
oldstanding cases the lesion may consist of large calcified 
Plaques. 

Liver. Significant hepatic lesions have been en- 
countered only in the pig and these consist of focal 
multilobular areas of hepatocellular necrosis. In recent 
severe cases this is seen as a complete or almost complete 
lobular coagulative hepatocellular necrosis and sinus- 
oidal congestion. In some cases a narrow rim of peri- 
lobular parenchyma is spared. This is followed by lysis 
of most of the necrotic material and replacement by 
hemorrhage and usually calcification of any remaining 


Exuda- 
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parenchyma. If the animal survives the initial injury 
the affected lobule collapses and is invaded by macro- 
phages and fibroblasts from Glisson’s capsule, and in 
oldstanding cases it may be replaced completely by 
fibrous tissue. In some outbreaks of hepatosis diaetetica 
it is not uncommon to see recent and oldstanding lesions 
in the same liver. 

Adipose tissue. In WMD in foals the adipose tissues are 
the site of extensive lesions in all but the peracute cases. 
The earliest lesion consists of interstitial edema and 
congestion with focal neutrophile infiltration of both 
interstitial tissue and fat cells. At this stage many of the 
interstitial capillaries appear to be thrombosed. Older 
lesions show increased neutrophile invasion followed by 
extensive necrosis of the affected tissue leading in some 
cases to caseation and/or calcification. Ceroid pigment 
has not been seen in these cases. 

Selenium-responsive infertility in sheep. So far no attempt 
has been made to study the pathology of the reproductive 
tract in this condition. 

Selenium-responsive unthriftiness. A large series of speci- 
mens taken from SRU in lambs are at present being 
examined. Preliminary results indicate that there are no 
striking pathological changes. 


CONCLUSION 


We have, in New Zealand, recognized all the recorded 
selenium-responsive diseases of livestock; in addition we 
have observed several that have not been described 
elsewhere. The investigations reported in this paper 
indicate that selenium-responsive diseases are widespread 
throughout the dominion and that they are of con- 
siderable economic importance, particularly to the 
sheep industry. We still do not know whether the 
diseases described are associated with a deficiency of. 
selenium, per se, in the food being consumed. In this 
respect, it must be remembered that different organic 
compounds of selenium are very different in their 
potency, and that inactive forms of selenium have been 
shown to occur in nutrients. Analytical determination of 
selenium in feeds does not measure their protective 
potency against Factor 3—selenium deficiency. We do 
know, however, that in at least one entity—delayed 
WMD in lambs—the tissues contain significantly less 
selenium than normal. 

The presence of widespread severe selenium responsive 
unthriftiness in some areas in the absence of white 
muscle disease and ewe infertility, and the apparent 
infrequent occurrence of SRU in some areas experiencing 
WMD and ewe infertility, indicates that other factors 
may interfere. It seems possible that pasture in some 
areas of New Zealand may contain a dystrophogenic 
factor and also a factor which interferes with fertility. 
Further, the liberal use of gypsum might contribute to 
the development of selenium deficiency, because sulfate 
is known to inhibit selenium utilization in plants and 
bacteria. 

Our immediate investigations are concerned with 
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ascertaining the 
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minimal physio:ogical amount of 


selenium required to prevent and control the diseases 
described. By doing this, we expect to afford optimal 
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protection from these diseases and to warrant the 
Factor 3- selenium content of animal tissues to be ade- 
quate and normal. 
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Experimental results with selenium in white 


muscle disease of lambs and calves’ 


J. R. SCHUBERT, O. H. MUTH, J. E. OLDFIELD, AND L. F. REMMERT 


Departments of Agricultural Chemistry, Veterinary Medicine, and Dairy and 
Animal Husbandry, Oregon State University, Corvallis, Oregon 


TN ante MUSCLE DISEASE (WMD) of lambs and beef 
calves has accounted for substantial and increasing 
economic losses in Oregon since its recognition over 30 
years ago. This myopathy is prenatally influenced by 
the dams’ consumption of leguminous forages grown in 
reasonably well-defined areas. The disease involves 
degenerative changes in cardiac and skeletal muscles 
to varying degrees, with extensive calcification a fre- 
quent and striking characteristic (Figs. 1-5). The na- 
ture and incidence of WMD being described (13) lent 
impetus to the search for adequate control measures, 
with emphasis on prophylaxis. Lack of a clear definition 
of the role of vitamin E in the disease quickly led to 
further investigations (5, 15, 20, 24) on the effectiveness 
of Factor 3-active selenium, since it had been shown 
that the two dietary factors were simultaneously lacking 
in other syndromes (19, 22, 23). This report deals with 
early observations and subsequent investigations of 
WMD as encountered under Oregon conditions. 

Precise details of year by year experimental conditions 
have, for the most part, been reported (14, 15, 16,17, 18). 
In general, mature Hereford cows and crossbred ewes 
were maintained on pasture, summer through early 
fall, having been bred during this period. Both 
species were approximately one-third advanced through 
gestation (ca. Nov. 1) when allotted in confined groups 
of 10-12 and bled for analysis. ‘The dams were routinely 
bled again about February 1, which constituted a late- 
gestation sampling. A terminal post-partum bleeding 
of ewes was performed at the conclusion of lambing 
(ca. April 1). 

Lambs generally were bled at sacrifice when 6 weeks 
of age, although in some cases earlier, when clinically 
indicated. In certain instances of twinning, one of each 
pair was sacrificed when less than 1 week old. Calves 
were routinely sacrificed at 8 weeks of age, although 
some died earlier. Additional data were obtained from a 
limited number of blood samples taken within 24 hours 
of birth. Evidence of gross lesions of the skeletal muscula- 
ture and heart was sought at necropsy. Blocks of tissue 
were routinely taken for histopathological examination 
(14) and for chemical studies. 





1 Technical Paper No. 1399, Oregon Agricultural Experiment 
Station. 


Blood determinations included plasma total tocoph- 
erols (25), calcium and magnesium, as well as whole 
blood phosphorus and hemoglobin (5). Muscle tissues 
were analyzed for calcium, magnesium, sodium and 
potassium (3, 6). Forages were variously analyzed for 
their contents of calcium and phosphorus (12), total 
(1) and inorganic (2) sulfur, tocopherols, molybdenum 
and selenium. 

The animals were group fed in dry-lot pens, the cows 
receiving 20 lb forage per head daily and the ewes 4 lb. 
Control rations, obtained from areas where WMD has 
not been encountered, consisted of grass hay and silage, 
with the exception of 1957-58 when hays were used 
solely, alfalfa for cows and grass-Ladino clover for 
ewes. 

The basal ration for both cows and ewes during 1953- 
54 and 1954-55 consisted of a cull bean-alfalfa regimen 
(26), the hay being purchased on the open market from 
a general area where considerable WMD had occurred 
(5). The basal forage for cows thereafter was second- 
cutting alfalfa hay, successive years’ crops being ob- 
tained from a specific ranch having a long history of 
WMD incidence (18). Basal forage for ewes from 1955- 
56 to date has been Ladino clover chaff and/or clippings 
from an area where WMD is similarly prevalent (17). 
All ewes were supplemented with ground oat grain at 
the rate of 14 lb/head/day, from a lot having been 
demonstrated in the first year to be innocuous with re- 
gard to WMD incidence. Various treatments are indi- 
cated in the results (Tables 1, 2 and 4) and in the chrono- 
logical discussion following. 

The original objective, as a basis for these studies, 
was to reproduce WMD by feeding native forages under 
controlled conditions. Two years experience (1953-54 
and 1954-55) with both cows and ewes fed an alfalfa 
hay-cull bean ration resulted in only a single incident. 
Data from these trials, however, provide a_ partial 
frame of reference by which to judge subsequent results, 
in particular among calves. 

A severe outbreak resulted the following year when 
the basal ration of alfalfa hay fed to cows was obtained 
from a ranch where WMD had been a common occur- 
rence. Of nine apparently thrifty calves born, four died 
spontaneously and showed extensive cardiac lesions. At 
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sacrifice, three additional cases were evident from gross, 
predominantly skeletal muscle lesions. When, however, 
forage from two successive years’ crops from the same 
field comprised the sole basal ration, WMD incidence 
diminished to two cases in the first year, detected histo- 
logically, and to none in the second. 





FIG. 3. Cross section of 46-day-old lamb leg showing affected 
muscle (right) and gross fat replacement. 
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Fic. 4. Lamb heart, field case, showing extensive subendocardial 
myopathy. 





FIG. 5. Lamb heart, showing calcification at birth (Van Kossa, 
X 245). 


Reference to Table 1 reveals no consistent correlation 
between plasma total tocopherol levels and the varying 
incidence of WMD over 5 years, with particular refer- 
ence to comparisons between control and basal groups 
within any given year. The same is apparent among 
values for plasma calcium and magnesium, with the 
latter a possible exception among the severely affected 
animals. Very low tocopherol levels were generally 
encountered among new-born animals, regardless of 
affectation with WMD. 

Analyses of forages used in the cattle trials (Table 3) 
show no direct relationship between tocopherol content 
and WMD incidence, either between years or between 
control and basal. The wide calcium-phosphorus ratio 
previously noted for the high incidence year (18) war- 
rants continued interest by virtue of its decline in suc- 
ceeding year’s crops. This may well be considered a 
contributory factor only, in view of doubt raised by 
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TABLE 1. Bovine Plasma Tocopherol, Calcium and Magnesium 
Contents* as Related to WMD 








Cows Calves 





WMD 
a8 | - —|—————_——————| Inci- 
Value : 1 Day : dence 

On trial | Late gest. post-p. 1 Day 2-8 Weeks 
2. Sera (ee Ea ee NePUR Pree z= fe |e 
1953-54, Basal ration 
E> 297+31 | 188+8 94+8 | 0/11 
Ca° [11.0.2 12.1.3 
Mg* | 2.9.1 2.04.5 
1954-55, Control ration | 
E 245+15 | 461428 144+26 | 0/9 
Ca | 9.82.3 10.24.41 £1.62:.5 
Mg | 2.4c,1 | 2.2.1 | bi Gaeed 
1954-55, Basal ration | 
a 149+10 | 13911 | 60+5 | 1/10° 
Ca | 9.6+.2 | 9.84.1 | 11.3.1 
Mg 259.1 | QQ ct | ty b= =e ot 
1955-56, Control ration 
E 33573 | 220+23 | 446+40 | 18+8 0/8 
Ca | 8.5+.3 | 9.84.3 [11.2.3 
Mg | | 1.62.1 | 1.92.1 | 2.1sb.1 | 
1955-56, Basal ration | | 
e. | a | 298+40 | 310435 | 174 86+17 | 7/9° 
Ca | | Q.a-b.3) |} O-9ses9) hI. ace. 2 tsar. 2 
Mg | | 1.92.1 | 2.2.1 | 2.24.2 | 1.6.1 
1956-57, Control ration | 
E | 448435 | 30315 | 28826 | 32+5 6311 | 0/10 
Ca | 9.3+.1 10.2.1 | 9-85 (2 |tT 22.3 Aga. 
Mg | 2.04.2 | 2.3.1 | 1.84.1 | 2.94.2 | 1.84.1 | 
1956-57, Basal ration 
me) “ | 32214 | 12311 | 31=b4 7g+12 | 2/14! 
Ca 10.3.1 | 9.9=e.1 [10.6.1 [11.5.2 
Mg | | r.gcket | 2.1.1 | 2.2.1 | 1.9.1 | 
1957-58, Control ration | 
E | 375+:20 | 21230 | | 339 | 0/5 
Ca | 0.4cb.3 \10.24:.2'| 11.7.3 | 
Mg | 2.0+.1 | 2.0+.1 | | | 1.82.1 | 
1957-58, Basal ration | | 
| d 229+16 | 45+7 | 0/6 
Ca | 9-7-3 | 11.7.3 | 
Mg | 2.1.1 | pbigne 1 | 


| 


* Mean + standard error. 
plasma. ° mg/100 ml plasma. 
both groups when going on trial. 
gross cardiac and skeletal WMD. 
microscopic skeletal WMD only. 





+ Total tocopherols, ug/100 ml 

4 Control values represent 
© Diagnosis/necropsy : 
f Diagnosis/histology : 


direct comparison with the 1957-58 control alfalfa 
forage. 

Subsequent analyses have shown a surprising, direct 
rather than inverse, relationship between selenium 
content of the basal alfalfa and WMD incidence. The 
common practice of gypsum fertilization of alfalfa, 
because of increased yield benefits, resulted in analysis 
of the forages for their sulfur contents. The results 
shown confirm an earlier observation (2) that the level 
of sulfur fertilization of alfalfa is reflected by increasing 
contents of total sulfur, largely as a result of accumula- 
tion of sulfate. In turn, it has been shown (7, 9, 11) that 
where relatively large amounts of selenium have been 
at issue, sulfate may be antagonistic. Speculation that 
sulfate might interfere with plant uptake of essential 
amounts of selenium, or render it Factor 3-inactive 
therein, or interfere with its utilization by the animal, 
resulted in trials with sheep, to be described below. 
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Although possibly an artifact of the level of sulfur fer- 
tility (4), the inverse relationship of molybdenum con- 
tents of the basal forages with WMD incidence in the 
calves is of interest. 

During the year 1956-57, it was found that a high 
incidence of WMD in lambs could be produced experi- 
mentally by dams winter fed on Ladino clover chaff, 
a by-product of seed production which is commonly fed 
to stock (17). The consistency with which this could be 
done permitted a variety of experimental control 
measures to be superimposed on a WMD-inducing 
forage basal. 

The original plan for the following year (1957-58) 
envisioned groups including animals fed control and 
basal rations, with vitamin E supplementation of addi- 
tional ewes: orally at the rate of 100 IU per ewe daily; 
and parenterally at the rate of 770 IU per ewe weekly.’ 
The announcement (22) during the summer of 1957 of 
the identification of selenium as an integral component 
of Factor 3 led to the inclusion of this element in the 
basal ration for a fifth group of ewes, at the rate of 0.1 
ppm Se, as sodium selenite, calculated for the entire 
ration. As in the case of vitamin E therapy, the supple- 
mentation continued through the last two-thirds of 
gestation and about 1 month post-partum. The results 
(14, 15) shown in Table 2 indicate the excellent degree 
of protection against gross WMD prenatally afforded 
by selenium but not by vitamin E. Although plasma 
total tocopherol levels were elevated in the dams treated 
with the vitamin, there was no benefit to the offspring. 
Nor was there any indicated relationship of incidence 
of the disease in the young to the tocopherol values 
obtained from all bleedings of all groups. Values for 
blood calcium, phosphorus, or, in the case of lambs, 
magnesium, are not indicated as criteria of WMD, 
while altered values for hemoglobin are probably only 
an indication of relative general well being. 

In addition to seeking confirmation of the results of 
feeding selenium in the previous year, primary empha- 
sis during 1958-59 was on treatment of the lambs. 
Consequently, of the groups of ewes fed, three sub- 
sisted on the basal forage alone. Among these, the 
lambs born received: no treatment; a drench of 2,000 
IU vitamin E,‘ in equal doses at 1 and at 4 days of age; 
or sodium selenite in physiological saline injected sub- 
cutaneously, at birth and again at 2 weeks. The doses 
of 0.28 and 1.12 mg Se were calculated to provide the 
equivalent of 0.2 ppm of the estimated dry matter in- 
take until necropsy when 6 weeks old. A fourth group of 
ewes again received a supplement of sodium selenite 
at 0.1 ppm Se in the ration throughout the trial period. 
The fifth group was a duplicate of the preceding, with 
the further addition of 0.1% sulfur in the ration as 
sodium sulfate. By analysis this elevated both the total 





2 d-a-Tocopheryl acetate, Myvamix, courtesy of D. C. Herting, 
Distillation Products Industries. 

3 d-a-Tocopheryl-PGS, courtesy of D. C. Herting, Distillation 
Products Industries. 

4 d-a-Tocopherol, type F-50, courtesy of D. C. Herting, Dis- 
tillation Products Industries. 
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Year 


1954-5 


1958-9 


Ration 


Control 


Basal 


Control 


Basal 


Control 


Basal 


Idem. 


Idem. 


Idem. 


Basal 


Idem. 


Idem. 


Idem. 


Idem. 


Supplement 


None 


None 


| None 


None 


None 


None 


| + Oral E/ewes 


+ Inj. E/ewes 


+ Oral Se/ewes 


None 

+ oral E/lambs 
+ Inj. Se/lambs 
+ Oral Se/ewes 


+ Oral Se + S/ewes 
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Blood 
Value 


E b 
Ca‘ 
Meg? 
Pe 

E 
Ca 
Mg 


Hb 


Mg 


Hb 


E 





On trial 


21517 | 


10.1.4 


2.4.2 | 


5-4-3 


f 


616 
10.025 .1 
2.ice.1 
3-9+.2 
14.2+.5 


208415 


| 10.1.1 


2.44.1 
4.74.1 
12.4.2 


f 


6343 


| Prepartum 


181+9 
| 10.5.2 
2.44.1 
5-5-4 


103+7 
9.5. 
2.4. 
3-74. 
12.62. 


— = 


Ls) 


27225 
g-9+. 
2.3. 
3-4. 

13.64. 


NH NHN = ND 


e) 
yon) 
H 
me ob 


13.92. 


724 
10.4. 
2.0. 
3.62. 

| 12.94. 


oOo = = ND 


244 
10.22:.2 
2.4.1 
12.62-.3 


igaz2 


135 


215 


Postpartum 


17+5 
10.6+.2 
1.9+.1 
4.0.2 
14.1.4 


1IQEII | 


10.3.2 
2.i+.1 
3.7a:.2 

12.9.4 


2643 
10.3.2 
2.04.1 
5.1.2 
13.2+.4 


20+9 
10.4+.2 
2.0+.1 
4.54.2 
13.1.3 


53210 
10.7.2 
2.0.1 
4.82. 
13.32. 


-— 


12-4 
10.32.2 
TES Ga 
4-8+.2 
13.1.4 


1t2.iae.3 
oy iE 
| §.74:.8 
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VMD 
Lambs 

<1 Week | 2-6 Weeks 
220+18° 

11.0+.6 

2.04.1 

10.1.2 

84411 

10.8+.3 

2.04.1 

7-9+.!I 

88+36 42+5 
2.02.7 [11.22:.2 
2.22.2 1.9+.1 
6.14.1 7.0+.2 
11.7+1.0 |11.6+.6 
44+7 2222 
12.0+.4 |12.2+.3 
2.32.5 Ets I 
5.62:.1 7.5.2 
13.1+1.0 | 9.34.5 


Ogt19 | Ja4cki1 
11.9.4 |II. 
1.82.1 
7.0.3 
10.8+.5 


8+3 


10.41.0 


20+5 

32.5 
1.74.1 
-O+.5 
11.0+.6 


I 


~ 


335 
10.7+.3 
1.82.1 
7-O+.4 
10.3+.5 


22+3 
11.2.1 
| 1.82.1 
7-3-4 
12.3.3 
28+9 
9514 
124 
114 


| 15=£3 


10.9+1.0 | 


WMD Incidence 
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® Mean + standard error. 
¢ mg/100 ml whole blood. 


> Total tocopherols, ug/100 ml plasma. 
f Control values are representative of all groups when going on trial. 


h Basal values are representative of all groups of ewes similarly treated. 








¢ Pasture accessible to dams. 


4 mg/100 ml plasma. 


« g/100 ml whole blood. 
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and inorganic sulfur levels to those found in the forage 
which was fed to cows in 1955-56 and which had caused 
a very high incidence of WMD in their calves, in spite 
of an apparently adequate selenium content. 

In terms of overcoming the incidence of WMD, 
there was little difference between prenatal or postnatal 
selenium treatments, nor vitamin E therapy of the lambs 
(Table 2). A distinct advantage of prophylaxis, however, 
is evident in the relative rates of gain (Table 4). In 
view of the relative indices of histopathological lesions 
recorded, it may be questioned whether the differences 
in weight gain should be attributed to growth stimula- 
tion by selenium or to variable sub-clinical persistence 
of the disease. 

With regard to plasma tocopherol analyses, in spite 
of the prolonged elevation of the levels in lambs having 
received the vitamin and of extremely low values re- 
corded for other lambs, no direct relationship with dis- 
ease incidence is apparent. 

The results of combined administration of selenite 
and sulfate to ewes are taken as evidence of interference 
with the prophylactic effect of selenium. This view is 
adopted because of a progressive increase in incidence 
over the course of the period of lambing. Of the first 
seven born, one case was encountered; six of the next 
seven were afflicted and the last born was a grossly 
evident case. In addition, the over-all gain to 6 weeks of 
age was greatly reduced in the lambs from ewes fed 
sulfate. 

The rations of ewes of two additional groups were also 
supplemented, one with soybean oil meal and the other 
with linseed oil meal as practical sources of Factor 3 
activity. Again little difference could be detected in 
the extent of WMD incidence in resulting lambs in 
these cases compared to those receiving selenium or 
vitamin E. The growth rates were, however, signifi- 
cantly better than all but those resulting from prenatal 
selenite administration. 


TABLE 3. Forage Analyses 








Dry Basis 





Ration Year | l 
Ca, |p o7 | ES, | St®,| Sit,| Se, | Mo, 
*/°) ppm| % | % | ppm | ppm 




















Basal: Alfalfa/Cows ee Ca | 
1955~56|1 «44/0. 16) Q2 |0.27/0.15| 0.43 |0.21 
62 |0.21/0.06| 0.16 |0.24 























1956-57|1.24/0. 17} 
1957-58|1.20/0.29} 59 |0.09] nil | 0.11 |1.95 
Idem. Clover/Ewes 
1956-57|1 . 340. 18 28 |0.13/0.04/<.05 |0.24 
1957-58/1 .35|0.24| 27 |0.17/0.04|<.05 |0.30 
1958-59}! . 47/0. 16) 0.17/0.04 
1959-60|1.69/0.19) — jo. 140.04 
Control : | | | 
Grass hay4 1956-57/0.41|0.27| 37 |0.12|0.03 
Grass silage? 1956-57|0.28 0.22) 0.12/0.04 
Alfalfa hay® 1957-58/1.19|0.17| 55 |0.20|/0.06| 0.50 |3.86 
Grass-clover hay ‘/1957-58 0.3010. 19) 30 |0.09} nil | 





* Total tocopherols; >95% a@ tocopherol. > Total sulfur. 
‘Inorganic sulfate sulfur. 4 Fed 50:50/est. dry matter to 
cows and ewes. © Fed alone to cows. f Fed 50:50 with 
alfalfa hay to ewes. 
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TABLE 4. Rate of Growth in Lambs 




















Lamb Weights, lb.* | WMD Incidence 
Treatment | | : l7@ 
| Birth | Sees | 2] 8 | ee 
| &|3 \|$* 
| | a |e 
aaa] ery 
1958-59 | 
Basal None 9-Q#.2 [15.3.9 | 16) 3 | 20 
Idem. + Oral E/lambs \9-0+.4 19 en Ol Bley 
Idem. + Inj. Se/lambs g-2+.3 |20.841.4) 0] 7 | 17 
Idem. + Oral Se/ewes g-1+.5 127.2+2.9) o| 3| 18 
Idem. + Oral Se + S/ewes'9.6+.5 l21.6+1.9| Bi) Sp ey 
1959-60 | | | 
Basal None 18.3+.5 |20.1+1.9] 6] 6] a1 
Idem. + 50 mg Se/ewes (8.8+.8 [23-0+1.0) 0} 2| 12 
Idem. + 0.1 ppm Se/ewes |g.1+.6 [24-024 OF 0} 











* Mean + standard error. 


TABLE 5. 2-6 Week Lamb Skeletal Muscle Analyses 





























mg/too g Fat-Free Dry Matter 
Treatment 
oa | tem eae ae 
piesa: Se ee —____—| ae | 
1957-58 | 
Control* 274 | 574463) 12345) 371+15)1800+48 
Basal? 4772-25) 2391-558) 332-93|1237-360| 1773-464 
Idem. + Oral 2978-1 2| 1831-281) 210-50)1227—294| 1875-428 
E/ewes> 
Idem. + Inj. 4521-15|2790-274| 342-99|1168-255/ 1897-878 
E/ewes? | 
Idem. + Oral 28+3 | 627+57| 12044) 413+26)1638+42 
Se/ewes* | 
1958-59 | 
Basal? 5180-34/3008-480) 337-108} 1 122-253) 1750-795 
Idem. + Oral 47+2 | 78012) 13545] 331+33)/1663+41 
E/lambs* | 
Idem. + Inj. 58+3 | 750416) 1655] 443%32/1540+52 
Se/lambs* | | 
Idem. + Oral | 69+4 74214] 1215} 307-50|1511+75 
Se/ewes* | | 





* Group means + standard errors. > Group ranges. 


The experiment of 1959-60 was primarily designed 
to investigate factors influencing the prenatal course of 
WMD. The reference groups of ewes again received: 
a myopathy-inducing basal; and a supplement of 0.1 
ppm Se throughout the latter two-thirds of gestation, 
plus 6 weeks post-partum. A third group of ewes was 
treated at the outset of the trial with a single aqueous 
oral drench of 50 mg selenium as sodium selenite, an 
amount approximating that received by the ration- 
supplemented group over the entire course of the trial. 

The results shown in Table 4 indicate the single dose 
of the element to have been a practical equivalent of 
prolonged dietary exposure. This interpretation is 
qualified by less severe incidence of gross lesions in the 
basal group than in prior years. In turn this is reflected 
by lack of a significant growth response in the treatment 
groups, probably due to better performance of the 6- 
week basal lambs than in the previous year. It should be 
further noted that a single intramuscular dose at the 
rate of 30 mg Se/100 lb body weight had proven fatal 
to 11 of. 12 ewes within 24 hr. 
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During the growing season of the 1959-60 _ basal 
forage, two 1-acre plots were set aside within the field. 
Of these, one was left untreated, while 600 lb gypsum 
was applied to the other. Accumulated hays produced 
by each of these areas served as the rations of two addi- 
tional groups of ewes. The incidence of types of WMD 
lesions in lambs was then as follows: no gypsum—2 con- 
genital, plus 7/necropsy, plus 1/histology; 600 lb/acre 
gypsum—4 congenital, plus 7/necropsy, plus 2/histol- 
ogy. 

These equivocal results can possibly be explained by 
carryover effects of routine annual applications of 300 
lb gypsum per acre of the field as a whole over 3 prior 
years. Reconcilation of these results with sulfur analyses 
awaits determination of the effect on selenium contents. 

Reference again to Table 3 shows the present state of 
analyses with regard to the forages involved in the sheep 
trials. It would appear here that an actual deficiency of 
selenium exists. If sulfate interference is involved, the 
basic defect may reside in reduced plant uptake of 
selenium in the case of this crop. This is in contrast to 
the apparent unavailability of the element in the par- 
ticular alfalfa used in the cattle experiments. Bovine 
versus ovine species differences may also be involved. 
Further attention to rather wide calcium-phosphorus 
ratios may be warranted. It is difficult, however, to 
attach specific significance to tocopherol values for the 
forage ration of the dams. 

Certain analyses of muscle tissues related to WMD 
(3, 6) are shown in Table 5, but will be the subject of 
more comprehensive treatment elsewhere. The ex- 
treme, wide range in calcium and phosphorus contents 
of skeletal muscle among WMD-afflicted lambs _ pre- 
cludes all but individual comparison to normal values. 
The extent to which selenium therapy, in general, 
and vitamin E treatment of the lambs only, results in 
remission of gross calcification is striking. The relative 
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constancy of magnesium values irrespective of status 
with regard to WMD is noteworthy. Ratios of total 
sodium to potassium contents show rather wide variation 
between tissues of normal and diseased animals. 

In summary, enzootic white muscle disease of lambs 
and calves has been reproduced under controlled condi- 
tions by feeding the dams during gestation on native 
hays from areas involved. The characteristic clinical 
symptom of erratic locomotion, as well as cardiac failure 
and the gross and histopathological lesions of skeletal 
and cardiac muscle degeneration and calcification have 
usually been observed in preweaning offspring. 

Supplementation of the ration of the dams during 
gestation through to weaning with 0.1 ppm selenium, 
as sodium selenite, has consistently provided essentially 
complete protection against the disease, while vitamin E 
has not. Selenium and vitamin E therapy for newborn 
animals have been effective in obviating the grossly 
observable postmortem lesions, but not entirely those 
detectable microscopically. Limited trials indicate 
superiority of selenium over vitamin E therapy as meas- 
ured by weight gains of the young. 

Incidence of the disease has not always been asso- 
ciated with a demonstrable forage selenium deficiency 
and evidence suggests that sulfur antagonism can in- 
fluence the biological availability of the trace amounts 
of selenium which are required. 


The authors are indebted to Dr. H. D. Eaton, Storrs, Connec- 
ticut, and to Dr. K. F. Swingle, Bozeman, Montana, for provision 
of forage tocopherol analyses (8, 21, 25) and to Dr. P. R. Stout, 
Berkeley, California, for molybdenum and selenium analyses 
(10). We further acknowledge the efficient technical assistance 
of Mrs. Ann C. Esse, Mr. P. E. Williams, and of Mrs. Pauline 
Fleetwood. Preparation of the manuscript and participation in 
this symposium was made possible by a Public Health Service 
Senior Research Fellowship (JRS) and by the encouragement 
given by Dr. Klaus Schwarz, National Institutes of Health, 
Bethesda, Maryland, during its tenure. 
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Biochemical interrelations between selenium and 


sulfur in plants and microorganisms’ 


ALEX SHRIFT 


Kaiser Foundation Research Institute, Richmond, California 


ae NEW STATus that selenium has gained as a re- 
spectable element is gratifying to those of us who have 
been studying its notorious aspects. The toxicity of this 
substance has had a long history, and ever since the 
first studies by Cameron in 1880 (4) on the incorpora- 
tion of selenium into plants, this toxicity has been 
attributed to an interference with sulfur metabolism. 
Such a view is only natural, for both elements fall in 
Family VI of the periodic table, and more than any 
other pair of elements they possess similar physical and 
chemical properties. In the early 1930’s, when selenium 
toxicity occupied the attention of many investigators, a 
good deal of experimental work supported this concept. 
The evidence from this era can be grouped into two 
general categories: 1) the association of selenium with 
proteins and with the sulfur-containing fractions derived 
from hydrolyzed proteins; 2) the rather specific com- 
petitive antagonism that was found to exist between the 
sulfate and selenate ions. 

The results of these studies, at best, were only sug- 
gestive. In the final analysis they do not really prove, as 
was frequently implied, that organisms are unable to 
distinguish between sulfur and selenium analogues and 
consequently metabolize the latter along the same en- 
zyme routes by which sulfur is used. But in the last 
decade, more direct evidence has accumulated to cor- 
roborate the early hypothesis. Today, we can claim with 
much greater assurance that: a) sulfur and selenium 
compounds compete with each other during the initial 
absorption process across the plant cell membrane; 
b) selenium analogues of organic sulfur metabolites 
occur in plants and microorganisms; c) selenium ana- 
logues actually are used as substrates by the enzymes of 
sulfur metabolites; @) proteins altered by the substitution 
of selenomethionine for methionine nevertheless func- 
tion; e) organisms are able to adapt to selenomethionine 
and this adaptation involves changes in normal sulfur 
metabolism. 


COMPETITION BETWEEN SULFUR AND SELENIUM 
COMPOUNDS DURING ABSORPTION 


For many plants and several microorganisms cul- 
tured in the presence of sulfate and selenate ions, both 
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growth and selenium content depend on the ratio of the 
two ions in the ambient nutrient solutions (23, p. 559; 
28, p. 148). This sulfur-selenium relationship is not 
limited to the inorganic ion pair, however, but also 
exists for methionine and selenomethionine. Fig. 1 illus- 
trates that the selenium concentration in cells of Chlorella 
vulgaris, whether the selenium is derived from selenate 
or from selenomethionine, is determined by the external 
concentration of the corresponding sulfur analogue. At 
any one exogenous level of the selenium compound, 
the concentration of cellular selenium falls with increase 
in exogenous sulfur; at a constant external S/Se ratio, 
even though the absolute levels are increased, the cellu- 
lar selenium remains the same (21, 22). These data indi- 
cate that each pair of the structural analogues competes 
for a specific site in the cell membrane which is believed 
to form a complex with the substance prior to its trans- 
port into the cell. 

Another system, although it does not involve a micro- 
organism, also illustrates a possible competition between 
a sulfur metabolite and its selenium analogue during 
the absorption process. Leukemic leukocytes possess a 
much higher uptake of L-cystine than do normal leuko- 
cytes. In tests to see which of a variety of substances 
would decrease the uptake of S* L-cystine, selenium- 
containing structural analogues of the metabolite proved 
to be most effective (Table 1). Both the p- and L-forms 
of selenocystine, as well as a phenyl substituted analogue 
were able to depress appreciably the uptake of the radio- 
active metabolite. Other structurally related compounds 
were ineffective (32). 

The most direct analysis of S-Se antagonism during 
the absorption process is provided by the work of Leg- 
gett and Epstein who studied the kinetics of sulfate ab- 
sorption by barley roots (10). Data on the rate of radio- 
sulfate uptake under the influence of selenate were 
analyzed by the classical Michaelis-Menten analysis 
for enzyme action. In Fig. 2 are shown the absorption 
data, with the reciprocal of the absorption rate plotted 
against the reciprocal of the sulfate ion concentration 
(the substrate in this system). In the absence of selenate 
a straight line is obtained, except at very high sulfate 
concentrations, which shows that the rate of sulfate ab- 
sorption is a function of its external concentration. In 
the presence of selenate the slope is greater, but the 
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intercept remains the same. The interpretation given, 
therefore, is that the two ions compete for a site or car- 
rier at the cell membrane, much as substrate and anti- 
metabolite compete for the same enzyme. Other ions 
such as nitrate and phosphate were without effect. The 
Michaelis constant for radioactive sulfate was 0.19; 
for selenate, 0.15. These calculations show that the 
affinity with which the two ions are bound to the com- 
mon binding site is of the same order of magnitude. 
But other factors besides the affinity for an absorption 
site must be instrumental in the uptake of these two ions, 
since earlier studies with a number of plants have 
shown that the internal S/Se ratio is often much greater 
than the external ratio (8). 


OCCURRENCE OF ORGANIC SELENIUM COMPOUNDS 


Once inorganic selenium compounds penetrate an 
organism is there evidence that they are metabolized 
into analogues of sulfur compounds? The search for 
such substances, despite many years of effort in a num- 
ber of laboratories, has provided only a few instances 
for their existence. The very closeness of the chemical 
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FIG. 1. Top: selenium concentrations in Chlorella vulgaris cells 
grown with sulfate and selenate (Shrift, 1954, 21). Bottom: cells 
grown with L-methionine and pi-selenomethionine (Shrift, 1954, 
22). 


TABLE 1. Compounds Effective in Decreasing the Influx of S* 
L-Cystine into Leukemic Leukocytes (Weisberger 
et al., 1956, ref. 32) 


Uptake of S*%, 


Compound* % of Controlt 


1. L-Cysteine (unlabeled) 45 
2. L-Selenocystine 45 
3. p-Selenocystine 50 
4. Phenyl selenocystine 50 


* 1 wmole/ml blood used for preincubation prior to adding 
S** L-cystine. 
+ % of Control 
uptake after preincubation with compound 





~ uptake after preincubation with saline 
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and physical properties makes separation of selenium 
from sulfur analogues difficult, and this fact, as well 
as the greater lability of some selenium compounds, has 
greatly hampered their isolation. With the advent of 
chromatographic techniques, however, some progress 
has been made. 

Table 2 summarizes the organic selenium compounds 
that have been reported in plants, microorganisms and 
animals. It should be emphasized that not one of the 
selenium-containing amino acids has been isolated in 
pure crystalline form, completely separated from its 
sulfur analogue, although Se-methylselenocysteine was 
obtained in a near pure state (29). Most of the identi- 
fications have been made by chromatographic compar- 
ison with synthetic selenium amino acids. But even with 
these techniques identification is often difficult, for 
selenium and sulfur analogues do not separate widely, 
if they are at all separable in any one solvent system. 
This difficulty can be overcome if the isolated unknown 
amino acid has been labeled with Se”, for it can then 
be eluted and chromatographed with the synthetic 
seleno-amino acid as has been done for selenomethionine 
(31). The identification of selenocyst(e)ine presents 
special problems. The occurrence of a radioactive spot 
in the cysteine region of a protein hydrolystate chroma- 
togram cannot of itself be considered evidence for the 
existence of selenocysteine. This substance is labile, its 
decomposition products have not been identified, and 
by analogy with what happens to cysteine during isola- 
tion procedures, mixed selenides or even selenosulfides 
can be expected to appear in the cyst(e)ine region on 
chromatograms. 

Further complications arise when selenite is used in 
biosynthetic studies, since this form of selenium is known 
to react with sulfhydryl groups. The chemical nature 
of the resulting sulfur-selenium complexes and _ their 
behavior during extraction procedures has _ received 
relatively little attention (30). For these reasons, even 
radioactive areas on chromatograms of protein hydroly- 
sates should be identified, not only by comparison with 
the positions of synthetic seleno-amino acids, but by 
other tests as well. 

One of the immediate questions that arises from the 
reports of seleno-amino acids in animal tissues is the 
mechanism whereby animal cells reduce selenium from 
the oxidation level at which it is administered, usually 
as selenite or selenate, to the reduced level in amino 
acids. The animal cell has never been shown to possess 
enzymes for the reduction of sulfate to cysteine or 
methionine, although sulfur at the reduced level of 
sulfide can be utilized. If sulfur and selenium are really 
interchangeable, one is hard put to explain the reduction 
of selenium to its level in the amino acids. One plausible 
explanation is that the intestinal microflora is responsible 
for the observed traces of seleno-amino acids. Even in 
experiments in which inorganic selenium has been in- 
jected rather than fed (9, 12, 14, 18), 24 hr or more 
elapse before analysis is made, so that there is, conceiv- 
ably, ample time for some selenium to reach the intes- 
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FIG. 2. Double reciprocal plot of the rate of absorption of S**- 
sulfate by barley roots and the effect of selenate; the concentra- 
tion of sulfate varied over the range 0.005 mEq/liter to 0.05 
mEq/liter (Leggett and Epstein, 1956, 10). 


tinal flora, be metabolized, and returned to the blood- 
stream as amino acids. 

To the list of organic selenium compounds summar- 
ized in Table 2 may be added several compounds that 
have been recognized as products when enzyme systems 
of sulfur metabolites act on the selenium analogue 
(Table 3). 


SELENIUM ANALOGUES AS SUBSTRATES FOR 
ENZYMES OF SULFUR METABOLITES 


The occurrence of selenium analogues of sulfur com- 
pounds cannot be considered proof that they are syn- 
thesized or metabolized by the same enzymes involved 
in sulfur metabolism. For proof of this sort, one must 
turn to more direct experiments with enzyme systems 
themselves. 

Table 3 summarizes the enzyme systems known to 
function with either the sulfur or selenium analogues. 
An ATP sulfurylase, obtained from yeast, that cata- 
lyzes the formation of adenosine-5’-phosphosulfate 
(APS) and pyrophosphate from ATP and _ inorganic 
sulfate also acts on selenate. A nucleotide-bound Se7- 
selenate could be detected in low yields by its electro- 
phoretic position which was approximately the same 
as that of the APS. Under the experimental conditions 
of the enzyme assay, the APSe was less stable than was 
the APS (33). 

A second enzyme system capable of acting on a 
selenium substrate is one that transfers methyl groups 
from methionine to a methyl accepto, This enzyme 
system consists of a methionine ‘‘activating’’ enzyme 
Which first yields S-adenosylmethionine, and a methyl- 
pherase which then transfers the methyl group to a 
suitable methyl acceptor. Selenomethionine actually 
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FIG. 3. Exponential growth of Escherichia coli, methionine- 
requiring mutant ML 304d, with 10-4 M pL-methionine or 107! M 
pL-selenomethionine (Cowie and Cohen, 1957, 5). 


was a better substrate for the “activating” enzyme, 
prepared from yeast, than was methionine itself. In 
the system, the reaction was followed in two ways: by 
inorganic phosphate liberation and by formation of the 
adenosyl compound. The adenosylselenomethionine was 
precipitated as the trireineckate derivative and con- 
verted to the sulfate salt which was then incubated with 
guanidoacetic acid as methyl acceptor in the presence 
of pig liver creatine methylpherase. The adenosyl- 
selenomethionine was able to yield its methyl to form 
creatine almost as well as did the adenosylmethionine 
itself (15). Similarly, methylation enzymes in rat liver 
microsomes will transfer the methyl of adenosylseleno- 
methionine to form choline and to methylate sulf- 
hydryl groups (3). 

Another instance in which selenomethionine can 
effectively replace methionine is that of an enzyme 
preparation which activates amino acids prior to their 
incorporation into proteins. With certain soluble en- 
zyme fractions it is possible to show a reaction between 
the carboxyl group of the amino acid and ATP to give 
an amino acid adenylate and PP. Such an enzyme 
system, prepared from protoplasts of Escherichia colt, 
acted on selenomethionine equally as well as with 
methionine (16). Since this system is probably part of 
the mechanism whereby amino acids are incorporated 
into proteins, such a demonstration assumes added 
importance for the observations described below which 
show that functional altered enzymes that contain 
selenomethionine in place of methionine can be syn- 
thesized by at least two different organisms. 

Clearly, these enzyme preparations, the sulfurylase, 
the methyl transferring systems, and the amino acid 
activating system, cannot distinguish between the sul- 
fur and selenium analogue pair. Here is direct evidence 








TABLE 2. References to Naturally 


Compound 


Astragalus bi- 
sulcatus 


Se-methylselenocysteine 
CH;—Se—CH.2CH (NH:) COOH 


Selenomethionine Escherichia colt 


CH;—Se—CH2CH2CH (NH:) COOH 


Dog liver 


Corn and wheat 
seeds 


Sheep wool 


Selenocysteine Dog liver 


HSe—CH-CH (NH:) COOH 


Dog urine 


Corn and 
wheat seeds 


Escherichia coli 
L-methionine- 
requiring 

mutant 


Sheep wool 


Selenotaurine Sheep bile 


H2NCH.CH=: —SeO;H 
Selenocoenzyme A Rat liver 
RNHCH:2CH:—SeH 


Astragalus pec- 
tinatus 


CyHa2N¢Se2SO,. (Selenocystathionine 
and cystathionine, 2:1) 


Scopulariopsis 
brevicaulis 
Aspergillus niger 


Dimethylselenide 
CH;—Se—CHs; 


Rat 


Factor 3 (structure as yet undetermined) | Obtained from a 
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yeast, and casein. 





Occurring Organic Selenuum Compounds 


Refer- 


Source 
| ences 


Soil grown plants; aqueous extracts analyzed; 80% of total | (29) 
selenium as amino acid; isolated as crystalline solid with 
small amounts of S-methylcysteine. 

Grown with Na2Se7*O;; protein hydrolysates analyzed by | (31) 
column and two-dimensional paper chromatography; ra- 
dioactive spot eluted from paper chromatogram and rechro- 
matographed with synthetic selenomethionine; selenocys- 
teine not found. 

Injected with Se7®Cl,; protein hydrolysates analyzed by col- | (14) 

umn and two-dimensional paper chromatography; radio- 

active spots close to but not coincident with synthetic 
seleno-amino acids, possibly due to large volumes of hy- 
drolysates used. 


Soil grown plants; protein hydrolysates subjected to one- | (27) 
dimensional paper chromatography; paper analyzed for 
selenium, and selenium locations compared with positions 
of synthetic seleno-amino acids. 


Animal injected with H2Se7°O;; wool hydrolysates analyzed 
by column and paper chromatography. 


Animal injected with Se7®Cl,; protein hydrolysates analyzed 
by column and two-dimensional paper chromatography; | 
radioactive spots close to but not coincident with syn- | 
thetic seleno-amino acids. | 


Animal injected with H,Se75O;; increase in urinary Se’® after | (12) 
animal fed bromobenzene; radioactivity associated with | 
mercapturic acid fraction. 


| Soil grown plants; protein hydrolysates subjected to one- | (27) 


dimensional paper chromatography; paper analyzed for 
selenium, and selenium locations compared with positions | 
of synthetic seleno-amino acids. 


Grown with Se*®-selenite; protein hydrolysate analyzed by | (5) 
two-dimensional paper chromatography; radioactive spot | 
in region of cysteine; synthetic seleno-cysteine unavailable | 
for comparison. | 


Animal injected with H2Se75O;; wool hydrolysates analyzed | (18) 
by column and paper chromatography. 


| Animal injected with H.Se*O;; taurocholic acid of bile sepa- | (18) 


rated on celite column. 


Animal injected with Na,Se7O;; coenzyme A identified chro- | (9) 
matographically. 
Soil grown; aqueous extracts analyzed; isolated as a crystal- (7) 


line solid.* 


| Grown with Na»SeO, or Na2SeO;; methyl groups originate (6) 


from methionine. 


Injected with selenate; recovered from exhalations. (13) 


(20)f 


variety of natural materials such as pork kidney, brewer’s 











* The mixture has been reported to separate into two spots on paper chromatograms (12); resolved into its two components, 


personal communication, Dr. K. Schwarz, National Institutes 


of Health, Bethesda, Md. t Also see K. Schwarz, this symposium. 
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TABLE 3. Enzyme Systems That Use Selenium Analogues 
of the Sulfur-Containing Substrates 








Source Reaction 


ATP-sulfurylase 
Yeast ATP + SeO,- = Adenosine phos-| (33) 
phoselenate + PP 
Methionine ‘‘activating’’ enzyme 
Rabbit liver & ATP + selenomethionine — Se-| (15) 


yeast adenosylselenomethionine + P 

oe | 

Methylation 
Pig liver Se-adenosylselenomethionine + | (15) 


guanidoacetic acid — creatine 


Se-adenosylselenomethionine + (3) 
microsomes — choline 


Rat liver micro- 
somes 


Se-adenosylselenomethionine + | (3) 
2-methoxyethanthiol — O,S- | 
dimethylmercaptoethanol 


Rat liver micro- 
somes 


Amino acid activating| 
Escherichia coli | ATP + selenomethionine > AMP- | (16) 
protoplasts | selenomethionine adenylate + | 
| PP 





which confirms some of the speculations made by earlier 
investigators who were concerned with the toxicity of 
selenium compounds. Surprisingly, however, it has 
turned out that the ability of selenium compounds to 
replace sulfur metabolites need not be detrimental to an 
organism. 


FUNCTIONAL ALTERED PROTEINS 


A unique case of an organism able to use a seleno- 
amino acid for growth is provided by the experiments of 
Cowie and Cohen with a methionine-requiring mutant 
of E. coli (5). This mutant was subcultured with seleno- 
methionine through more than 100 generations in the 
complete absence of the “essential”? methionine, with 
sulfate supplying the other sulfur needs of the cells. 
Growth, though somewhat slower than in the control 
(Fig. 3), was exponential, showing that enzymes neces- 
sary for growth and division of these cells functioned 
despite their altered state. Selenite, however, although 
it became associated with the proteins, could not re- 
place sulfate for growth of the wild type cells. A wide- 
spread cellular substitution of selenium for sulfur, 
therefore, can be extremely toxic, whereas a partial 
substitution with selenomethionine seems compatible 
with continued cell function. 

A somewhat comparable situation exists for the alga 
Chlorella vulgaris. With this species, cultured with sulfate 
to satisfy its sulfur needs, the presence of selenomethio- 
nine prevents the cells from dividing, but it does not 
prevent about half of them from growing into giant 
cells (22, 24, 25). During this period of growth, un- 
coupled from division, the cells are metabolically active, 
for there are marked increases in dry weight, in respira- 
tion, and in protein content (24). Hydrolysates of S*- 
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labeled proteins show the absence of methionine but the 
presence of sulfur amino acids in the cyst(e)ine region 
(Fig. 4). Apparently, for this organism, the selenium 
substitution is drastic enough to temporarily interfere 
with the division process but insufficient to prevent cell 
growth. There may possibly exist two classes of proteins 
in these cells, one class in which the sulfur of methionine 
is necessary for division; another class which can func- 
tion in cell growth despite the alteration. In any event, 
these two cases show that it is possible for selenomethio- 
nine-altered proteins to function in cell growth of both 
organisms as well as in division of Escherichia coli. It 
would be of the greatest interest to know whether a 
partial substitution by other selenium compounds such 
as selenocysteine has such a remarkable biological conse- 
quence. 


ADAPTATION TO SELENOMETHIONINE 


The block to division caused by selenomethionine in 
Chlorella vulgaris is only temporary. Inhibited cultures 
are able to adapt and eventually resume divisions that 
give rise to progeny which cannot be distinguished from 
unadapted cells in most respects. Their appearance, 
size, weight, and protein content are identical with nor- 
mal cells. Most important, their proteins once more 
contain methionine, its sulfur derived from sulfate (24). 

The one feature that distinguishes adapted cells 
from untreated cells is their ability to divide without 
the period of uncoupled growth when subcultured in 
the presence of the analogue. The nature of this adapta- 
tion to selenomethionine has been investigated in some 
detail. Primary interest has been focused on the follow- 
ing aspects of the adaptation: 7) whether it is a mass 
adaptation or the selection of a few selenomethionine- 
tolerant mutants; 2) whether withdrawal of the ana- 
logue leads to reversal to the original state of sensitivity; 
3) the biochemical mechanism behind the adaptation, 
particularly in relation to the sulfur metabolism of the 
organism. 

Fig. 5 illustrates that at the time when cell numbers 
begin to increase in a selenomethionine-inhibited popu- 
lation, there is a significant rise in the proportion of 


Methionine 





a” 


FIG. 4. Radioautographs of protein hydrolysates from Chlorella 
vulgaris cells grown with S*-sulfate (left) or with S*-sulfate + 
3.1 X 1075 m selenomethionine (right) (Shrift, 1959, 24). 
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FIG. 5. Changes in proportions of giant Chlorella vulgaris cells 
containing autospores during culture with 3.0 X 10-° M seleno- 
methionine (Shrift et al., 1961, 25). 


TABLE 4. Fazlure of Chlorella vulgaris, Subcultured Six Times 
With Selenomethionine, to Deadapt After 22 Subcultures 
Without the Analogue (Shrift et al., 1961, 26) 


Adapted Series Control Series 








Untreated 
Duration of 


+ Selenomethionine 


Uncoupled phase 
Duration of un- 


No. of passages 
after transfer to 


without seleno- 





methionine seleno-methionine* coupled phase* lag phase* 
hr hr j hr 

I 29 130T 7 

2 45 165T 14 

13 26 160T 5 

14 27 162 6 

15 39 150 fe 

17 36 1457 23 

22 32 14 
336} 137} 








* Duration of uncoupled or lag phase calculated by extrapo- 
lating slope of exponential growth phase (k = In N2 — In N;/ts — 
t;) to time axis, with inoculum size as base line. t Too few 
points to calculate k; duration of uncoupled growth estimated. 
t Mean and 95% confidence interval. 


giants with autospores. The frequency of reproducing 
giants increases during the exponential growth phase of 
the culture, and then drops when the population stops 
dividing. Complementary experiments on agar medium 
have shown that each cell exposed to selenomethionine 
first undergoes the enlarged phase and then resumes 
divisions to develop eventually into a visible colony. 
Selection of resistant mutants, therefore, is not the 
mechanism by which the population of C. vulgaris 
changes its character (25). 

Adaptation of an entire population of microorganisms 
to a chemical is not a novel occurrence. In such systems 
the adaptation is invariably lost after several generations 
of growth away from the inducing agent. However, when 
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selenomethionine was withdrawn from the adapted 
C. vulgaris population, the cells failed to revert. Table 4 
summarizes the results of 22 subcultures, equivalent to 
about 220 generations, of an adapted population in the 
absence of selenomethionine. The duration of the lag 
remained unchanged and comparable to those of un- 
treated cultures, in contrast to cells exposed to the 
analogue for the first time. Exposure to selenomethio- 
nine, therefore, has caused a stable, heritable change in 
an entire population of cells (26). 

A logical place to search for a biochemical answer to 
this phenomenon appeared to be in the sulfur metabol- 
ism of these cells, rather than for induced enzymes able 
to metabolize selenomethionine, since induced en- 
zymes should have disappeared after withdrawal of the 
analogue. Because the available evidence showed that 
the initial adaptation gave cells that contained methio-, 
nine in their proteins, it looked as if the adapted cells 
were able to synthesize the amino acid from sulfate at a 
rate fast enough to effectively compete with and counter- 
act the absorbed selenomethionine. As a working hy- 
pothesis, it was assumed that selenomethionine, in 
blocking the incorporation of methionine into proteins 
also caused the various intermediates between sulfate 
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Fic. 6. Effects of cultural conditions on degree of adaptation 
in Chlorella vulgaris. Growth curves for adapted cells cultured with 
3.1 X 1075 m selenomethionine and 3.1 X 107% M sulfate after: 
A 14 subcultures without the analogue; 13 subcultures without 
the analogue and one subculture with L-methionine as only sulfur 
source; O 13 subcultures without the analogue and one subcul- 
ture with p-methionine as only sulfur source; A 13 subcultures 
without the analogue and one subculture without any sulfur. 
Normal control @; cells cultured with selenomethionine for the 
first time O. (Shrift et al., 1961, 26). 
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and methionine to accumulate and to act as inducers 
for an increased synthesis of the enzymes responsible 
for their own further metabolism. The end result would 
then be a new steady state level for this particular meta- 
bolic route and a faster rate of methionine synthesis 
which could then compete with the absorbed seleno- 
methionine. The actual inducing agents in this system 
would therefore be sulfate or its products rather than 
the selenomethionine itself. Experimentally, if this is the 
case, withdrawal of sulfate from the adapted cells should 
cause them to revert. Under sulfur starvation conditions, 
during which a few divisions occur, the sulfur interme- 
diates should be depleted and the enzymes eventually 
return to their original levels, giving cells once more 
sensitive to selenomethionine (26). 

Fig. 6 shows the results of a sulfur starvation experi- 
ment with adapted cells that had previously been sub- 
cultured 13 times in the absence of selenomethionine 
without any observed reversal. After the starvation 
treatment the sensitivity of the adapted cells to seleno- 
methionine increased to the extent that it took about 108 
hr for the cells to resume divisions rather than the 30 
hr of the untreated adapted cells. Normal cells exposed 
to selenomethionine for the first time in this experiment 
had an uncoupled phase that lasted 162 hr. The graph 
also shows that subculture with p-methionine or with 
L-methionine, which these cells are able to use as their 
only source of sulfur, also causes partial reversal (26). 

The deadaptation experiments suggest rather strongly 
that the initial adaptation does indeed involve a shift 
in steady state levels of the sulfate reducing enzyme 
pathway, and they fortify the idea that this particular 
biological activity of selenomethionine is intimately 
involved with changes in the sulfur metabolism of these 
cells. 


PROBLEMS 


Many problems exist in the field of selenium metab- 
olism. One of the foremost is the question of selenium 
as an essential trace element for plants and microor- 
ganisms. For the plant physiologist three criteria must 
be met in order for a trace element to be considered 
essential: 7) removal of the element must cause defi- 
ciency symptoms; 2) application of the element, and no 
other, to the deficient plant must restore the plant to its 
healthy state; 3) action of the element must be on the 
organism itself (1). This third criterion is a critical one. 
It must be established that the beneficial effect of a 
suspected trace element is not due to some secondary 
effect such as might stem from a change in the microbial 
flora associated with the organism, or perhaps to some 
change in the physiological balance of the other micro- 
nutrients. 

The first two criteria were clearly met in 1938 by 
Trelease and Trelease (28, p. 16) who found that traces 
of inorganic selenium were needed for normal growth 
of a number of Astragalus species. Even the third criterion 
can be considered as having been met at that time, 
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since it was already well established that these plants 
could convert inorganic selenium to organic forms. 
However, the purist might argue that, inasmuch as the 
chemical nature of the organic selenium was unknown, 
the conversion might have been a nonspecific association 
of the inorganic selenium with some plant component. 
This last objection has of course been overcome with 
the finding that most of the selenium in Astragalus 
bisulcatus exists as methylselenocysteine (29). Whether 
selenium at lower concentrations, in the range found 
effective for the prevention of deficiencies in animals, 
is essential for other plants, is still unknown. 

In animal systems there are two ways to assess the 
role of a trace element. One way is to consider its effect 
on the animal as a whole with its integrated, intestinal 
flora. The other way is to consider the trace element in 
cellular metabolism. The dramatic effects caused by 
traces of selenium (19, 20) leave no doubt that the 
element functions in animal nutrition. But from the 
point of view of an essential role in the metabolism of 
the animal cell, the third criterion has not been wholly 
met. Until it has been proven that selenium functions 
in the cellular metabolism of the animal, or that the in- 
testinal flora play no role in the observed physiological 
effects that result from selenium deficiency and selenium 
therapy, an essential role for the element in the animal 
cell can only be claimed with reservations. 

A relatively untouched area of selenium metabolism 
is the ability of some Astragalus species and _ several 
other plants to accumulate selenium to high levels. 
This phenomenon, aside from purely biochemical as- 
pects, presents an interesting aspect of plant evolution, 
for most other plants would be killed by these concen- 
trations of selenium. A more detailed knowledge of 
what the accumulator plants do with the selenium 
they absorb should prove a valuable addition to the 
field of biochemical evolution whose subject matter is 
drawn primarily from work with animals and micro- 
organisms. 

With microorganisms there are two instances of a 
possible essential role for selenium. A brief report ap- 
peared in 1923 of an autotrophic bacillus isolated from 
soil and able to oxidize elemental selenium to selenic 
acid, much as Thiobacillus thiooxidans oxidizes sulfur to 
sulfuric acid (11). Further reports on this work, unfor- 
tunately, have not been published. A selenium require- 
ment for synthesis of the adaptive enzyme, formic dehy- 
drogenase, by a strain of Escherichia coli has been 
reported (17). The simultaneous presence of selenite (3 X 
10-8 to 1 X 1077 M), molybdate (1 X 1078 M) and iron 
was essential, but since normal growth occurred without 
the first two ions, it is difficult to state that selenite is 
essential for the organism, although it may be required 
for synthesis of the particular adaptive enzyme. 

A persistent problem in the field of selenium metab- 
olism is whether organic selenium compounds exist in 
addition to the ones already discussed. If selenium and 
sulfur are really interchangeable then there must be a 
host of organic forms such as analogues of biotin, thia- 








"702 FEDERATION PROCEEDINGS 


min, lipoic acid, to mention just a few important metab- 
olites. And there is then the question, will these com- 
pounds exert extraordinary biological effects such as the 
growth uncoupling caused by selenomethionine in 
Chlorella vulgaris or the replacement of methionine in 
the methionine-requiring mutant of Escherichia coli? 

Lastly, there are indications that inorganic selenium 
compounds may exert their toxic effects through other 
mechanisms. Arsenic and phosphorous, for example, 
have been found to antagonize selenium inhibition of 
yeast respiration (2); selenite itself is a strong oxidizer 
of sulfhydryl groups, a reaction that must be taken into 
consideration when this form of selenium is used in 
toxicity studies. 


CONCLUSIONS 


Selenium compounds exert powerful biological ef- 
fects, and it is clear that these effects are intertwined 
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with sulfur metabolism. From the very first step that 
we recognize in the metabolism of an inorganic sub- 
stance by a plant or microorganism, that of its transport 
across the cell membrane, to its enzymatic conversion, 
selenium and sulfur are interchangeable. To this extent 
at least, the older ideas of selenium toxicity have been 
verified. But it has also become apparent that not all 
forms of selenium need be toxic. Not only is it possible 
for an organic selenium analogue to support some or all 
of a cell’s functions if the remainder of the sulfur needs 
are satisfied, but it is possible for an organism to adapt 
and to thrive in the presence of a selenium compound 
that originally was inhibitory. Our ideas of the element 
will have to be revised, not only because of its newly 
discovered role in animal nutrition, but also because 
it is no longer as formidable an element for plants and 
microorganisms as we were led to believe. 
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as well as in 


CANADA - ENGLAND - SWITZERLAND + BELGIUM - NETHERLANDS - MEXICO 
VENEZUELA - PERU - BRAZIL - PANAMA - PUERTO RICO - HAWAII 


ALCONOX, INC., 853 BROADWAY, NEW YORK 3, N.Y. 








HEINICKE WASHERS 

















NOTHING IN THE WORLD OF WASHING APPROACHES THE EFFICIENCY OF HEINICKE 
WASHERS FOR RESEARCH AND CLINICAL LABORATORIES 
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The TYPHOON . . . HW-5000 . . . HYDROJET . . . and 


HURRICANE combine the finest features of jet and ultra- 
sonic washers to perform complete cleaning of the 
multitudes of glassware and instruments characteristic to 
research and clinical laboratories. Included are the smallest 
of blood diluting pipettes, petri dishes, flasks, culture and 
tissue plates as well as experimental animal cages. 


CHECK THE TECHNICAL ADVANTAGES 
OFFERED BY HEINICKE WASHERS 


Focussing of high kinetic energy concentrates 112 H.P. per 
square inch of energy from above and below on surfaces 
to be cleaned, safely and with chemical thoroughness. 


High pressure jet streams with rotary liquid drill action 
which keeps them columnar, contained and constricted, 
so that the streams pierce with needlelike impact. 


Supersonic pulsing adds zip to the liquid drills, making them 
bite like pneumatic hammers. 





All HEINICKE washers operate at sterilizing temperatures. 


The powerful spiraling jet streams pulsing at supersonic 
frequencies and detergent action assure guaranteed chemi- 
cal cleanliness, unapproached by any other method. Select 
the washer specially designed for your particular needs 
from four models. 


All HEINICKE washers offer the same time and cost reduc- 
tion advantages. Less breakage, greater cleanliness, 
reduction of inventories, and anyone can operate these 
washers . . . no special personnel needed! 


SEND TODAY for full details on the HEINICKE washer best 
suited to your particular needs. Manufactured by the 
HEINICKE INSTRUMENT COMPANY, makers of precision in- 
struments and glassware washers distributed throughout 
the world. The name HEINICKE means quality, dependability, 
and service. 








el 


HEINICKE INSTRUMENTS 
2035 HARDING STREET 


HOLLYWOOD, FLORIDA 














| Oe 
) AG OSMOMETERS 









ACCURATELY MEASURE OSMOTIC 
PRESSURE & TOTAL ELECTROLYTES 
OF BODY FLUIDS IN 3 MINUTES 


FISKE OSMOMETERS. now in use in over 
600 research centers and laboratories through- 
out the world, measure osmotic pressure and 
total electrolytes of body fluids by the freez- 
ing point method. First built in 1952. the 
FISKE OSMOMETER proved to be the 
answer in making precision cryoscopy a rou- 
tine laboratory procedure. Today’s FISKE 
OSMOMETER, available in laboratory or 
portable models, offers these major features: 


@ Semi-automatic operation 

@ Repeatability to 1 milliOsmol 

@ Freezing points to a 0.001°C 

@ Direct reading in milliOsmols 

@ 0-3000 milliOsmol range 

@ 3 minutes or less for a determination 


For complete details, specifications and appli- 
cations, write to: 


Tara FISKE ASSOCIATES,INC 


i BETHEL, CONNECTICUT 


Creotors of 


Precision Electronic Devices 











BREEDERS OF 


Albino Mice 
CR derived) 


Albino Rats 
{Sprague-Dawley 
descendants} 


{other animals 
availabie) 


Laboratory 
Animals j,,o2ation 


124 TTAGE PL., PLAINFIELD, N. J.. PL 6-3223 








The NEW 
MSE-60 Watt 
Ultrasonic 

Disintegrator 


designed to produce and utilize sound energy for the 
mechanical disintegration of cells and bacteria. 
@ Built-in thermo-ammeter 


to give accurate 
indication of tuning. 


®@ Cabinet construction as 
a single unit with 
acoustically insulated 
working chamber. 


Titanium probes provide 
greater resistance to 
corrosion and erosion. 


@ At 20,000 cycles. 


@ Volumes from 1 to 50 cc. 


INSTRUMENTATION 
ASSOCIATES INC. 


i 
‘ an Distributors of Laborator, 


and Scientific Specialties 


17 West 60th Street New York 23, N. Y. 
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SHOWS AMAZING 





*Bausch & Lomb Trademarks 


DETAIL! 


the Bausch & Lomb ALL-NEW Microscope 





| you could ever hope for in a laboratory microscope 

is incorporated in the design of this new B&L DynaZoom 

series—the first to feature a completely integrated zoom optical 
system. It takes the blind spots out of microscopy . . . shows 
detail you never saw before within a continuously variable 
magnification range extending from 17.5X to 1940X with 


standard eyepieces and objectives. 


With a DynaZoom, one 10X eyepiece performs the work of 

several in the old optical system. The new MicroZoom* optics 
provide 1X to 2X magnification, enabling the 10X Huygens 
Eyepiece to act as a 12.5X, 15X, 20X—or any slightest 
conceivable point inbetween. In addition, specially-designed 
objectives produce greater detail without altering working distance, 
focus or usable field. There’s also a new Hi-Intensity 
illuminator that is ten to twenty times brighter than others. 
And no longer is it necessary for you to estimate the value 


of each least division on the eyepiece scale. 


There is a DynaZoom microscope to suit every use, every 
preference. The six microscope bodies fit interchangeably 

in one basic stand—all rotatable through 360°. Prices on the 
72 standard models range from $229.00 to $744.00. For 

the entire B&L DynaZoom story, ask us for Catalog D-185. 





Branch Sales Offices: Albany 5, N. Y. ¢ Boston 16, Mass. e Elk Grove Village, Ill. ¢ Philadelphia 43, Pa. e Silver Spring, Md. 


Branch Warehouse: Elk Grove Village, Ill. 











KRYOMAT 


LOW TEMPERATURE CIRCULATORS 


TABLE MODEL TO “30°C 


CONSOLE MODELS TO -s0°C 





width: 171/2” 
depth: 191/2” 
height: 30” 


















Introducing the world’s first table model 
Kryomats for low temperature control—offered 
in two models. Range from +20 to —30°C. 


A separate line of instruments, Ultra Kryostats, 
for variable control or measurements between 
+40 and —80°C, are also available. Air or 
water cooling, built-in timer and accuracy to 
+0.02°C are just a few of the many outstand- 
ing features of these instruments. 

Most important is the unique and exclusive use 
of a secondary cooling system instead of con- 
ventional compensating heaters. 


for all your temperature control problems 
between—80°C and+300°C, contact: 


auda Instruments, Inc. 
P.O. Box 422 Great Neck, N.Y. 






NOTES ON THE FORTY-FIFTH 
ANNUAL MEETING OF THE FEDERATION 
Atlantic City, New Jersey, April 10-14, 1961 


Registered attendance at the forty-fifth Annual 
increased some 1,500 over the 1960 registration to a total of 12,567. 


Meeting 


| Of this total 2,852 were members of the Federated Societies; 


6,349 non-members; 1,420 graduate students; 345 guests; 71 press; 
1,151 exhibitors; 190 guests of exhibitors; and 189 ladies’ program. 
Scientific sessions were held in Convention Hall, and in the 


| Ambassador, Dennis, Ritz-Carlton, Shelburne, and Traymore 
| Hotels. In all, 2,815 papers were presented in 270 scientific 
| sessions. There were 43 Intersociety Sessions. 


There were 14 Society symposia and special sessions. The 
American Society for Experimental Pathology, host Society for 
the Meeting, sponsored the Joint Session on Approaches to Study 


| of Disease on Tuesday evening, April 11. Dr. Cyrus C. Erickson, 


Chairman of the Federation Board, presided. 

The form of the Motion Picture Session was revised this year. 
A total of 14 motion pictures were presented in continuous theater 
style during three full days of the Meeting, April 11, 12, and 13. 

Four scientific awards were presented during the Annual 
Meeting. The Borden Award in Nutrition consisting of $1,000 
and a gold medal presented annually by the Borden Company 
Foundation was awarded to Dr. Klaus Schwarz, Chief of the 
Section on Experimental Liver Diseases, National Institute of 
Arthritis and Metabolic Diseases of the National Institutes of 


| Health. The Osborne and Mendel Award of $1,000 presented by 


the Nutrition Foundation, Inc. was given to Dr. Max K. Horwitt, 


| Director of the Research Laboratory at the Elgin State Hospital, 


Elgin, Illinois. Dr. Donald B. Hackel, Duke University Medical 
Center, received the 5th annual Parke-Davis Award consisting 
of $1,000 and a bronze medal for outstanding work in the field of 


| pathology. Dr. Don W. Esplin, Assistant Research Professor of 


| 


Pharmacology, University of Utah College of Medicine, received 


| the John J. Abel Award of $1,000 presented by Eli Lilly & Co. 


During the week of the Annual Meeting, 117 special meetings, 
dinners, luncheons, breakfasts, and social hours were held. Councils 
of the six member Societies, the Federation Board, and the Federa- 


| tion Advisory Committee all conducted meetings, and all Societies 


held business meetings. 
An active Press Room was managed by Dr. Sidney S. Negus, 


| Federation Director of Public Information for the Annual Meeting, 





with the assistance of the Federation Public Information Com- 
mittee headed by Dr. Robert B. Jennings. 

The latest in scientific books, apparatus and equipment, 
pharmaceuticals, chemicals and food products were among the 
236 industrial and 19 institutional exhibits on display in Conven- 
tion Hall. 


1962 Annual Meeting 


The next Annual Meeting of the Federation will be held in 
Atlantic City, with registration opening on Friday, April 13. It is 
anticipated that scientific sessions will run for six days, from 
Saturday, April 14, through Thursday, April 19, 1962. 


Continued on page Ixxvitt 
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NUCLEAR INSTRUMENTS 


This Gamma Spectrometer Ends ‘‘Dark Current” Defect; Provides 
Direct Peak Comparison and Better Resolution from 1 kev to 6 mev. 





Model GSS-1—$4,180* 


The NMC Model GSS-1 gamma spectrom- 
eter combines in one chassis a regulated 
high voltage supply as a part of the count- 
ing ratemeter autoscan system... all-tran- 
sistorized probe amplifier and spectrometer 
circuits . . . and either solid or well-type 
crystals. It's the only system that eliminates 
the “dark current" defect, analyzes emitters 
from 1 kev to around 6 mev, and permits 
direct peak comparison of emitters using 
semi-automatic peak integration. Graph 
paper supplied is calibrated in mev. 


Actual Spectrograms Made with a GSS-1 


1.17 mev 


HIGH 
RESOLUTION 
HERE — 10k 


NO 
“DARK 
CURRENT’’ 

DEFECT 
HERE = 


1000 900 800 700 600 500 400 300 20 10 0 





Actual spectrogram of Cobalt-60 made with a 
GSS-1 gamma spectrometer system. Window 
No. 3. Time constant: 2 sec. 


HIGH 
RESOLUTION 
HERE 


NO 
“DARK 
CURRENT" 
DEFECT 


HERE 00 00 400 i000 





Radium, after four runs over 20 hour period 
without instrument adjustment. Range 30,000 
C/M. Time constant: 3 sec. 


Detect and Measure a, 8 and 7 Four Ways with This 3-Unit 
All-Purpose Laboratory—1...or1+2...or 1+3...0r1+2+3 


1 PROPORTIONAL COUNTING 


The only instrument that counts every alpha and beta 
emitted in a 2 pi angle from prepared samples. Pre- 
cisely separates absolute amounts of alpha and beta 
from any dry sample. Ideal for C-14, Ca-45, P-32 and 
H-3. Due to high yieid, counting time may be reduced 
80% to 95%. High voltage and scaling systems operate 


with US-1 and WSC-1 shown below. 


2 UNIVERSAL SHIELD 
US-1A—$395.00* 


Detects gamma and beta-gamma 
activity in prepared flat samples. 
Also accepts gamma scintillation 
detector, mylar window GM flow 
detector, and strip chromatograph 
scanner. Operates with PC-3A. 





SYSTEM 
PC-3A—$1395.00* 








3 WELL-TYPE COUNTER 
WSC-1—$995.00* 


Background less than 140 cpm. 
Detects low-level gamma activity 
in test tube and flat type samples. 
All-transistorized amplifier. Works 
with any scaler. Operates with the 
PC-3A. 


*ALL PRICES FOB. INDIANAPOLIS 
For Full Details, Write, Wire...or Phone Collect—Liberty 6-2415 


Nuclear Measurements Corp. 
25th and Arlington «+ Indianapolis 18, Indiana 
International Office: 13 E. 40th Street, New York 16, N.Y. 
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This unit is durable and compact requiring only 2’ x 3’ 


bench area... 


can hold tubing from 0-64 mm through 


spindle and up to 6” o.d. on the exclusive contour chucks. 
Complete, ready to operate. 


Price $675.00 


IDEAL FOR PHYSICAL, CHEMICAL, 
BIOLOGICAL AND ELECTRONIC LABORATORIES 





With NEW CONTOUR CHUCKS, 
two independently working 
sets of slim self-centered jaws 
permit, for the first time, 
chucking and centering of a 
variety of shapes and sizes. 


GL50 B FLASK HOLDER with 
asbestos covered Steel Fingers. 
Universal self-centering; per- 
mits mounting in head or tail- 
stock up to 6” o.d.; accepts 
blowhose and swivel. BURNER 
CARRIAGE holds lathe fire or 
one or two hand torches. 


ASK YOUR DEALER FOR DETAILS. 






#4 


BETHLEHEM 





Apparatus Company, Inc. 


HELLERTOWN, PENNSYLVANIA 








Continued from page lxxvi 


Meetings 


The Gordon Research Conferences on Food and Nutrition will be held 
August 21-25, 1961, at Colby Junior College, New London, New 
Hampshire. The Conferences on Cancer will meet at the same 
location, August 28-September 1, 1961. Attendance at the Con- 
ferences is by application. Requests for attendance at the con- 
ferences, or for information, should be addressed to W. George 
Parks, Director, Colby Junior College, New London, N. H. 

Boston will be the site of the 12th Annual Animal Care Panel 
Meeting, September 27, 28, 29, 1961. The ACP is an organization 
of individuals professionally engaged in the production, procure- 
ment, care, management and use of laboratory animals and of 
institutions interested in these areas of research and animal care. 
The American Board of Laboratory Animal Medicine, the 
Laboratory Animal Breeders’ Association and the Allied Trade 
Association will hold simultaneous sessions at the meeting. 

The 17th Annual Instrument Symposium and Research Equipment 
Exhibit will be held October 9 through 12, 1961, at the National 
Institutes of Health, Bethesda, Maryland. 

Third Symposium on Cinefluorography. The staff of the Department 
of Radiology at the University of Rochester regrets that it was not 
possible to hold this Symposium in the Spring of 1961 as originally 
announced. Instead, the meeting will be held in Rochester, New 
York, December 1 and 2, 1961. This announcement is an invitation 
for the submission of scientific papers dealing with any facet of 
the technical or applied aspects of motion picture radiography. 
Please address inquiries or applications to: Stanley M. Rogoff, 
M.D., Division of Diagnostic Radiology, University of Rochester 
Medical Center, Rochester 20, New York. 


Awards 


Several Federation members have been honored as recipients of 
Borden Awards for 1960 which are given in recognition of outstand- 
ing achievement by scientists of the United States and Canada. 

The American Physiological Society claims two members, 
Dr. Henry Hugh Dukes and Dr. Robert F. Pitts. The former received 
his Award “in recognition of his long-continued studies in the 
general area of animal physiology, with particular reference to 
the physiology of digestion in ruminants.”’ Dr. Pitts was recognized 
for his ‘fundamental contributions to an understanding of renal 
tubular functions.” 

Dr. Marian E. Swendseid, a member of both the American Society 
of Biological Chemists and the American Institute of Nutrition 
was named by the American Home Economics Association for the 
1960 Borden Award for her research in vitamin and protein 
nutrition. 

The American Institute of Nutrition was represented by two 
additional members: Dr. Norman L. Jacobson, selected by the 
American Dairy Science Association for his notable research 
contributions in dairy animal nutrition; and Dr. Harold E. Harrison, 
chosen by the American Academy of Pediatrics for his fundamental 
research in the physiology of vitamin D and its role in the regula- 
tion of the transport of calcium and phosphorous. 


The Board of Directors of the Passano Foundation announces 
that Dr. Owen H. Wangensteen has been selected as the recipient of 
the $5000 Passano Award for 1961. Dr. Wangensteen is a member 
of the American Physiological Society and the American Society 
for Experimental Pathology. The Passano Foundation has as its 
sole purpose the encouragement of medical science and research, 
particularly that having a clinical application. It is sustained by 
annual contributions from The Williams & Wilkins Company, 
publishers of books and periodicals in medicine and the allied 
sciences. 

Continued on page Ixxx 
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Plug-In Construction 


The new Tracerlab FD Series Mono- 
Mol Window Flow Counters operate in a 





5 
5 
: 
: 
* 
i 


variety of counting modes with your 
choice of counting gas. Excellent plateau 
characteristics insure a constant counting 
rate. Mono-mol windows, the world’s 
thinnest windows, permit passage of all 
but the weakest particles. Plug-in con- 
struction simplifies operation. 





o = 


(C:) =z 


or 2” 
geiger 


The basic counters are available in 1” 


models and both operate in the 
region with standard Tracerlab 


G-1 gas, or in the proportional region 
with ‘argon methane G-2 Gas, pure 
methane or natural gas. 

“Construction is all plastic to minimize 
background and cathodes are deposited 
stainless steel. 

A glance at the operating specifications 
of the new Tracerlab Flow Counters will 
show you why these low cost, long last- 
ing, extremely efficient units belong in 
your sample counting system. 


SPECIFICATIONS THIN WINDOW FLOW COUNTERS 





Exploded view of the FD Series Flow 
Counter showing (A) Counter Shield 





(B) Plug-in Flow Counter (C} Snap- 





On Window. 
































Fracerlab 


___ first in radiation measurement 











1610 Trapelo Rd., Waltham 59, Mass. 
2030 Wright Ave., Richmond, Calif. 


























___ Plateau _ 
Mote mane a = =— Background Length | Slope over 
Sensitivity entire range 
FD-1* Geiger G-1 .25V 1450V + 150 <12c.p.m. | 300V | <2%/100V 

FD-2** Geiger G-1 .25V 1450V + 150 <30c.p.m. | 300V | <2% 
al0mv | 2200V +500 |a <6c.p.h. | 1000V | <2% 
—_ ast sam @ 1mv | 2300V +200 | 6 <i2c.p.m. | 400V | <2% 
FD-1 Prop. Paso alOmv | 3500V +500 |a<6c.p.h. | 1000V | <1% 
Methane B10 mv 4500V + 500 | 6 <12c.p.m. | 1000V <1% 
FD-1 Prop. Natural a10mv 4000V + 500 | a < 6c.p.h. | 1000V <2% 
Gas B10mv | 4700V + 300 | 6 <12c.p.m. | 600V | <2% 
FD-2 Prop. G-2 a 10 mv 2200V + 500 | a@ <12c.p.h. 1000V <2% 
B lmv 2300V + 200 | 8B <30c.p.m. 400V <2% 
FD-2 Prop. Pure @l0mv_ | 3000V + 500 | a <l2c.p.h. | 1000V | <1% 
Methane B10 mv 4500V + 500 | 6 <30c.p.m. | 1000V | <1% 
FD-2 Prop. Natural a 10 mv 4000V + 500 | a <l2c.p.h. | 1000V | <2% 
Gas B10mv_ | 4700V + 300 | 8 <30c.p.m. | 600V | <2% 











*FD-1 1” Super/thin Window Flow Counter 


**FD-2 2” Super/thin Window Flow Counter 
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TECHNICON 


HUT 


VARIABLE 


mi! 


DEVICE* 
produces any buffer requirement in pH 


or concentration for chromatography 


DISCRETE BUFFER CHANGEOVERS 


asanexample... 


to pH §.28 
to pH 4.25 
from pH 3.25 . usual in 


AMINO ACID CHROMATOGRAPHY 
instead the Autograd automatically sup- 
plies a buffer gradient in a continuous, 
uninterrupted flow.** 


This solution ¢ 


arrangement of pH 









values in the 


AUTOGRAD? 
automatically 
produces the gradient 
below. s: 


The Avtograd! starts the column elution delivery at 
pH 3.05, as shown above, and progressively in a con- 
tinvous flow, increases to pH 6.85. Not only is each 
discrete buffer value systematically produced, but the 
resulting gradient includes all of the intermediate 
values as graphed below. 


7020.30 ~%5 Nee com tle 80 
| 


eo 
aditiied niin lien ad 
(increased progressively) 
poapoon 5.28 
—_— <<.5 on 4.25 


3.08) ~---s—0-e"-----' ‘pm 3.25 


Discrete Buffer Changeover 
r (step by step) 
























Developed at the National Can- 
cer Institute, National Institutes 
of Health, U. S. Department of 
Health, Education, and Welfare, 
Public Health Service, Bethesda, 
Maryland. 

**Procedure developed by 
Karl A. Piez, National Institute 
of Dental Research, National 
Institute of Health. 
*Reference: “Variable Gradient 
Device for Chromatography’’, 
E. A. Peterson and H. A. Sober, 
Anal. Chem., Vol, 31, No. 34,* 
May 1959. 


Send for Brochure No. AG 
and further Data, to 





Technicon Chromatography Corp. 


Research Park - Chauncey, New York 
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Books and Journals Received 


ABSTRACTS OF JAPANESE Mepicine. Editors: T. Yoshida and J. 
Huizinga. Amsterdam: Excerpta Medica Foundation. Monthly 
publication, subscription rate $30/yr. 

ADRENERGIC Mecuanisms. G. E. W. Wolstenholme and Maeve 
O’Connor, Editors for the Ciba Foundation. Boston: Little, 
Brown & Co., 1960. 632 pp. $12.50 

AEROSPACE Niessen AND BioLocy, An Annotated Bibliography. 
Arnold J. Jacobius and others. Scie nce and Technology Division, 
The Library of Congress, Wash. D.C. Volume IV, 1955 Litera- 
ture, 1961 

ANIMAL Parasites IN Man. N. H. Swellengrebel and M. M. Ster- 
man. Princeton, N. J.: D. Van Nostrand Co., Inc., 1961. 652 
pp. $12.00 

ANNUAL REvIEW OF PuysIoLOGy—Vol. 23. Editor: Victor E. 
Hall. Palo Alto, Calif.: Annual Reviews, Inc., 1961. 674 pp. 
$7.00 prepaid (USA) $7.50 prepaid (elsewhere) 

Basic PuysioLocy. Fred E. D’Amour. Chicago: University of 
Chicago Press, 1961. 642 pp. $7.95 

BLoop AND OTHER Bopy Ftuips. Analysis and Compilation by 
Philip L. Altman, edited by Dorothy S. Dittmer. Wash., D.C. : 
Committee on Biological Handbooks, Federation of American 
Societies for Experimental Biology, 1961. 540 pp. $10.00 

BULLETIN OF THE MeEpicAL Liprary AssociATIon, Vol. 49, No. 1 
Pt. 2, The National Library of Medicine Index Mechanization 
Project. Wash., D.C.: National Library of Medicine, 1961. 
96 pp. $1.75 dom. $2.00 foreign 

CarpIAc SuRGERY 1960-1961. Edited by Charles P. Bailey. Phila. : 
F. A. Davis Co., 1960. 179 pp. $5.00 

CuinicaAL DisTURBANCES OF RENAL Function. Abraham G. White. 
Phila: W. B. Saunders Co., 1961. 468 pp. $10.50 

DIFFERENTIAL DIAGNOsIs OF THE ELECTROCARDIOGRAM. Sidney R. 
Arbeit, Ira L. Rubin, Harry Gross. Phila.: F. A. Davis Co., 
1960. 212 pp. $10.50 

ELECTRICAL ACTIVITY OF SINGLE CELLs. Edited by Yasuji Katsuki. 
Tokyo: Igaku Shoin Ltd., 1960. 312 pp. 

ENzyYMOLOGY IN THE USSR. A Review of the Literature. Chester 
W. DeLong. U.S. Dept of Health, Education, and Welfare, 
Public Health Service, 1960. 189 pp. Available from Supt. of 
Documents, U.S. Gov’t. Printing Office, Wash. 25, D.C., 
$0.65 (PHS publ. no. 782) 

EssENTIAL Hypertension, An International Symposium, spon- 
sored by CIBA. Edited by E. Buchborn and K. D. Bock. Berlin: 
Springer-Verlag, 1960. 382 pp. 

EXPLORATIONS INTO THE NATURE OF THE LivinG CELL. Robert 
and Edward L. Chambers. Cambridge, Mass.: Harvard 
University Press, 1961. 352 pp. $8.00 

Hanpsook OF PuysioLocy, 43rd Ed. R. J. S. McDowall. Phila. : 
J. B. Lippincott Co., 1961. 759 pp. $12.50 

InpDEX—HanpBOOK OF CARDIOVASCULAR AGENTS, Vol. 2, Pts I & 
II. Isaac D. Welt. Wash., D.C.: National Academy of Sciences- 
National Research Council, 1960. 1568 pp. $15.00 

INTEGRATED PRINCIPLES OF ZooLocy, 2nd Ed. Cleveland P. 
Hickman. St. Louis: The C. V. Mosby Co., 1961. 972 pp. $7.75 

JOURNAL OF ATHEROSCLEROSIS RESEARCH. International Journal of 
Fundamental Research in Atherosclerosis and Related Subjects. 
Elsevier Publishing Co., Amsterdam, Vol. 1, No. 1—January/ 
February 1961. Bi-monthly, $17.50 per year. 

Mepicat Nursinc. Edition 6. Edgar Hull and Cecilia M. Perrodin 
Phila.; F. A. Davis Co., 1960. 798 pp. $6.95 

MetasoLic EFFEcTs OF ADRENAL Hormones. G. E. W. Wolsten- 
holme and Maeve O’Connor, Editors for the Ciba Foundation. 
Boston : Little, Brown and Co., 1960. 109 pp. 
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Get a lift... 


AT LAST—a truly sturdy and 

reliable laboratory jack offering precise 
and effortless vertical height adjustment 
of heavy flasks, hot plates, baths, 
heaters and ground joint glassware. 
You will find it invaluable when working 
with complex set-ups and easy to 

use as well. Just turn the knob and 

you can raise or lower objects 

up to 100 Ibs. to just the exact 

height you want. 








The Big Jack 


Precise vertical adjustment 
Opens from 3 to 12 inches 
: Ideal for complex set-ups 

: x Completely stable at full opening 
CAT. NO. F70596............ $18.75 CAT. NO. F70595 ............$35.00 


The Little Jack 


Raises or lowers 10 Ibs. 
Opens from 1!¢ to 5 inches 
For micro set-ups 








Therm-©-Plate Hotplates 


Q trand new aenries of hot plates 


4 types 

Standard electric hotplates as 
well as shaking, magnetic stirring 
and explosion proof models 








11 sizes Plus ... construction that keeps 

Large, small, square the heat on top, sides and bottom cool Write today for 

rectangular... A size ... faultless temperature control bulletin 609 

for every purpose ... distortion-free heating surfaces 12 pages 
... Modern styling of information 
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Ms — that product. The analysis on the label becomes your protection by giving a known 
7 starting point with biochemicals of proven quality. Why settle for less? 
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NEW VERSATILITY IN 
Liquid 
Scintillation 
Counting 


4 With the 


Packard 


Now you can count assortments of carbon-14 and tritium samples . 

interchangeably without readjusting controls . . . perform double label- Tri-Carb 

ing at the true balance point for each isotope . . . or do both. In addition, 

the new Tri-Carb Spectrometer with its expander-amplifier circuitry S t t 
can be used for dual-channel gamma counting merely by adding a well pec ro me er 
detector. This versatility is a Packard exclusive—made possible by two ; 
separate channels of pulse-height analysis with individually variable 

amplifiers and four adjustable discriminator levels. 





Other features include all-transistorized circuitry and convenient mount- 
ing of all controls at eye level above the freezer. Width of the instru- 
ment is reduced to a space-saving 3% feet. 


Three models in various combinations offer a total of nine liquid scintil- 
lation counting systems—refrigerated or non-refrigerated . . . for auto- 
matic or semi-automatic operation. From this selection you can readily 
meet the requirements of your budget and provide for present and 
future needs. You’ll get the satisfaction and performance which only a 
Tri-Carb Spectrometer—with its world-wide reputation for accuracy 
and reliability—can provide. Call your Packard representative or write 
for Bulletin AD-1002. 


INSTRUMENTS FOR RADIOACTIVITY MEASUREMENT AND CHROMA TOGRAPHY 


BRANCH OFFICES 
r chard CHICAGO « ALBUQUERQUE + ATLANTA + BOSTON 
LOS ANGELES « NEW YORK + PHILADELPHIA « PITTSBURGH 


SAN FRANCISCO « WASHINGTON, D.C. * ZURICH « PARIS 


PACKARD INSTRUMENT COMPANY, ING 
LA GRANGE 51, ILLINOIS 














